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ABSTRACT
EVOLUTION OF PANIC GRASSES (PANICOIDEAE; POACEAE): A PLASTOME
PHYLOGENOMIC STUDY
Sean Vincent Burke, Ph.D.
Department of Biological Sciences
Northern Illinois University, 2018
Melvin R. Duvall, Director
Systematics is an important set of tools for the determination of relationships among
living organisms. This toolkit is only as good as the information that helps differentiate the taxa
in question. Grasses, Poaceae, has always been of great interest due to the important crops in the
family. For this reason, the panic grasses (Panicoideae) have been thoroughly researched for
their crops; corn, sugarcane and sorghum, but less is understood for their non-crop species. The
goals of this dissertation are to 1) better sample within the panicoid grasses to retrieve a more
complete phylogeny, 2) determine the divergence phylogeny and divergence date of the
Panicoideae, 3) investigate rare genomic changes that occur within species of the panic grasses,
and 4) investigate the evolution of multiple traits that occur within the subfamily.
First, I looked at previous studies to determine relationships that largely lack resolution
and/or robust support for tribal and subtribal groups. I sequenced 35 new Panicoideae plastomes
and combined them in a phylogenomic study with 37 other species. This returned a mostly
congruent Panicoideae topology compared to other studies at the time, with five recognized
subtribes that were non-monophyletic. An unexpected mutation in the Paspalum lineage was
discovered, a mitochondrial DNA (mtDNA) to plastid DNA (ptDNA) transfer. This was thought
to be a single rare event that unevenly degraded into smaller fragments in the plastome.
Second, I investigated the early diverging grass lineages, as these would help set up the
framework for the fourth study. I sequenced three species from two different subfamilies, and

aligned these with 43 other grass species and the outgroup Joinvillea ascendens. The alignment
displayed some large rare genomic changes that were mostly clade defining. The use of a nongrass outgroup caused a decrease in phylogenetic information, but with over 81,000 nucleotide
bases a robust phylogeny was obtained. This was then paired with two new fossil calibration
dates that had not been used before. Overall the dates retrieved were older than previous
estimates, which was most likely influenced by a more complete sampling, both taxonomic and
molecular, and the use of these new fossil calibrations.
For the third study, I revisited the unusual discovery made in the first study, with the
inserts found in the Paspalum lineage, specifically in the trnI - trnL intergenic spacer region. I
sequenced nine new plastomes, seven of which contain an insert within the region of interest.
These were combined with 52 other species for phylogenomic and divergence date analyses. The
Paspalum topology was robust with the genus originating at 10.6 Ma, and the insert arising at 8.7
Ma. The aligned Paspalum inserts revealed 21 different subregions with pairwise homology in
19, suggesting one shared event. An emergent self-organizing maps analysis of tetranucleotide
frequencies determined that mitochondrial DNA grouped with the Paspalum insert, suggesting a
mitochondrial origin. Thus, it seems the original insert in Paspalum was at least 17685 bp in
size. Finally, the Paspalum inserts contained seven intrastrand deletion events, suggesting
uneven degregradation and selective pressures to remove these large inserts.
Finally, the last study used information from the first and second to put together a large
phylogeny and conduct divergence date analyses paired with an ancestral state reconstruction
analysis. I assembled another 35 new plastomes for this analysis, and combined it with 317 other
Poaceae plastomes. This was used to create a phylogeny that investigated an extremely wellsampled Panicoideae. The divergence date analysis was used in combination with the six

character-state traits in an ancestral state reconstruction analyses. A major finding was that the
evolution of the NADP-ME subtype for the Paspaleae first occurred at the node uniting
Paspaleae with Arundinelleae and Andropogoneae. This occurred sometime around major
climate warming events that took place at roughly 55 Ma. Other unexpected trait findings
included stamen counts, which are not as static as originally thought. The last finding is that nonopen habitats that do not mirror the pseudopetiole trait, while the converse is mostly true.
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CHAPTER 1 - AN INTRODUCTION TO POACEAE AND PANICOIDEAE
The grass family, Poaceae Barnhart [1895] also known as Gramineae Juss. [1789], is the
fifth largest flowering plant family, with over 11,500 species and 760 genera (Soreng et al.,
2017). The family consists of twelve subfamilies with three informal group names. The first
group is the early diverging lineages, which contain grasses that are of tropical origin:
Anomochlooideae, Puelioideae and Pharoideae. The second group is the BOP clade, which
consists of Bambusoideae, Oryzoideae and Pooideae. The final group is the PACMAD clade,
which are the Panicoideae, Aristidoideae, Chloridoideae, Micrairoideae, Arundinoideae and
Danthoniodeae (GPWG II, 2012). While this dissertation will mainly focus on the Panicoideae, it
will be done within the scope of the whole grass family.
Panicoideae is the second largest subfamily within Poaceae with 3241 species in 247
genera in 13 tribes (Soreng et al., 2017). Many of these grasses are considered warm temperate
grasses that usually occur in open habitats. Within this group there are many examples of
economically important species ranging from antitumor compound producing species, to
biofuels, to food crops (Burke et al., 2016a). To better understand these important species and
potentially discover even more useful species, determining relationships within the panicoids is
needed.
The phylogeny of panicoid grasses is an ever-changing subject as new information is
learned, with many of the changes occuring in the early 2000’s with taxonomic conflicts
occurring even as recently as 2017 (Kellogg, 2015; Soreng et al., 2017). The Panicoideae as of
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2001 was determined to be a subfamily consisting of at least seven tribes (Giussani et al., 2001).
With the advance of molecular studies, the removal of the Isachneae and the addition of the
Centothecoideae into Panicoideae was determined soon after (Sánchez-Ken et al., 2007;
Sánchez-Ken and Clark, 2010). The largest change within the subfamily occured with the
splitting of the large Paniceae tribe. All pantropical Paniceae with a chromosome count of x=9
remained within this tribe. The primarily American, x=10, Paniceae were renamed as the
Paspaleae (Morrone et al., 2012). At the start of this dissertation project, the Panicoideae
contained twelve tribes, with three large tribes: Paniceae, Paspaleae and Andropogoneae, and
nine smaller tribes that are mainly early diverging within the Panicoideae lineage: Arundinelleae,
Chasmanthieae, Centotheceae, Cyperochloeae, Gynerieae, Steyermarkochloeae, Thysanolaeneae,
Tristachyideae, and Zeugiteae (Soreng et al., 2015).
Throughout the time working on this dissertation, there have been an addition of two new
tribes within the subfamily as well as two proposed conflicting taxonomies (Kellogg 2015,
Soreng et al., 2017). The first new subtribe is the Lecomtelleae, which is sister to the three larger
subtribes in the panicoids. This subtribe was proposed by Besnard et al. (2013), reinforced by
one of my chapters (Burke et al., 2016a) and adopted by Soreng et al. (2017). The second tribe is
the Jansenelleae, which contains the genera Jansenella and Chandrasekharania, and which is
sister to the Arundinelleae + Andropogoneae (Bianconi et al., in prep). Jansenelleae is a recent
addition, but will not be in conflict with the taxonomic scheme suggested by either Kellogg
(2015) or Soreng et al. (2017). The major difference between these classification is the number
of tribes. Kellogg (2015) recognizes only eight tribes, not including the newest additions of
Lecomtelleae and Jansenelleae, while Soreng et al. (2017) recognizes 13, not including
Jansenelleae. Most of these differences can be attributed to the handling of the early lineages in
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the panicoids. Kellogg (2015) made the decision to lump specific groups together, Zeugiteae into
Chasmanthieae, and both Thysanolaeneae and Cyperochloeae into Centotheceae (Soreng et al.,
2017). The most important difference is the handling of the Arundinelleae, which Kellogg (2015)
treats as a subtribe, Arundinellinae, within the Andropogoneae. These taxonomic differences will
not be resolved by the time this dissertation is completed. The more recent taxonomic treatment
of Soreng et al. (2017) will be used here.
Along with the placement of tribes and genera within Panicoideae, the study investigates
the placement of the panicoids within the PACMAD clade. Most recent family-wide studies have
found that Aristidoideae is sister to all other PACMAD subfamilies (GPWG II, 2012; Soreng et
al., 2017). A second contradictory topology, which places Panicoideae sister to all other
PACMAD subfamilies, has been seen in the publications of Cotton et al. (2015), Saarela et al.
(2018) and chapters in this dissertation (Burke et al., 2016a; 2016b; Burke et al., in review). This
difference in topology was explored in detail with the publication of Saarela et al. (2018), in
which partitioning of full chloroplast genomes (plastomes) retrieved different topologies. While
complete plastomes with alignment gaps removed returned a “Panicoideae sister” topology
(Saarela et al., 2018), the use of three common genes, which are in most large scale studies and
experience large amounts of positive selection (GPWG II, 2012; Soreng et al., 2017), returned an
“Aristidoideae sister” topology. Thus, the use of more unambiguously aligned data that swamps
out sites that undergo selective pressures is preferable when building a plastome phylogeny
(Saarela et al., 2018).
Full grass plastomes are being recovered more frequently as sequencing technologies
became cheaper, faster and more reliable (Leseberg and Duvall, 2009; Wu and Ge 2012; Morris
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and Duvall, 2010; Zhang et al., 2011; Burke et al., 2012; 2014; 2016a; 2016b; in revision;
Besnard et al., 2013; Jones et al., 2014; Cotton et al., 2015; Saarela et al., 2015; 2018; Wysocki
et al., 2015; Attigala et al., 2016; Duvall et al., 2016; 2017; and many others). The use of these
complete plastomes in phylogenetic studies has shown to not only improve support values and
achieve better resolution compared to partitioned or multilocus studies (Burke et al., 2012; 2014;
Ma et al., 2014 Saarela et al., 2015; Zhang et al., 2011), but also return different topologies
(Saarela et al., 2018). As noted before, this difference is presumed to be the large amount of data
swamping out possibly misleading mutations (Saarela et al., 2018). Based on this information
full plastome phylogenies were analyzed here to determine the topology of these studies.
For this dissertation, I will delve into many topics that are related to panicoid evolution.
Each chapter will have an introduction with more insight into the specific research topic for the
chapter. The second chapter (Burke et al., 2016a) examined the taxonomy of Panicoideae with a
large number of taxonomic sampling additions that contradicted taxonomic schemes at the time
of publication. The third chapter (Burke et al., 2016b) investigated early diverging grasses using
the newly published grass-like fossil described in Poinar et al. (2015). This chapter is not
restricted to panicoids so as to set precedents for my last research chapter with reference to fossil
sampling and dates. The fourth chapter investigates a genus of panicoid grasses, Paspalum, and
presents a detailed investigation of the unusual insert that was initially described in the second
chapter (Burke et al., 2016a). The fifth chapter studies multiple traits found in Panicoideae and
tracks these traits through time for the entire grass family. With these four studies I demonstrate
the utility of plastome phylogenomics to explore questions in plant phylogenetics, molecular
evolution, divergence estimation analysis, and ancestral state reconstructions.
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CHAPTER 2 — EVOLUTIONARY RELATIONSHIPS IN PANICOID GRASSES BASED
ON PLASTOME PHYLOGENOMICS (PANICOIDEAE; POACEAE).
Abstract
Background: Panicoideae are the second largest subfamily in Poaceae (grass family), with 212
genera and approximately 3316 species. Previous studies have begun to reveal relationships
within the subfamily, but largely lack resolution and/or robust support for certain tribal and
subtribal groups. This study aims to resolve these relationships, as well as characterize a putative
mitochondrial insert in one linage.
Results: 35 newly sequenced Panicoideae plastomes were combined in a phylogenomic study
with 37 other species: 15 Panicoideae and 22 from outgroups. A robust Panicoideae topology
largely congruent with previous studies was obtained, but with some incongruences with
previously reported subtribal relationships. A mitochondrial DNA (mtDNA) to plastid DNA
(ptDNA) transfer was discovered in the Paspalum lineage.
Conclusions: The phylogenomic analysis returned a topology that largely supports previous
studies. Five previously recognized subtribes appear on the topology to be non-monophyletic.
Additionally, evidence for mtDNA to ptDNA transfer was identified in both Paspalum
fimbriatum and P. dilatatum, and suggests a single rare event that took place in a common

This chapter was previously published as: Burke, S. V., Wysocki, W. P., Zuloaga, F. O., Craine, J. M., Pires, J. C.,
Edger, P. P., ... & Duvall, M. R. (2016). Evolutionary relationships in Panicoid grasses based on plastome
phylogenomics (Panicoideae; Poaceae). BMC plant biology, 16(1), 140. It is reprinted by permission of the first
author of the paper, who holds the copyrights.
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progenitor. Finally, the framework from this study can guide larger whole plastome sampling to
discern the relationships in Cyperochloeae, Steyermarkochloeae, Gynerieae, and other incertae
sedis taxa that are weakly supported or unresolved.
Background
Panicoideae are the second largest subfamily in Poaceae (grass family), comprising over
212 genera and approximately 3316 species (Kellogg, 2015). This large subfamily contains many
plants of economic interest: lawn grasses (Eremochloa ophiuroides, Paspalum notatum,
Stenotaphrum secundatum; (Hitchcock, 1971)), biofuel stocks (Miscanthus ×giganteus, (Puttman
et al., 2015); Panicum virgatum, (Parrish and Fike, 2005)), a source of antitumor compounds in
cancer research (Coix lacryma-jobi, (Chung et al., 2011)), and most importantly as crops (Zea
mays (corn), Saccharum officinarum (sugarcane), and Sorghum bicolor (sorghum); (Giussani et
al., 2001)). Specifically, the importance of Z. mays is overwhelming since it accounts for 94% of
all cereal consumption, and over 717 million metric tons are produced each year for products
such as starch, sweeteners, beverages, industrial alcohol, fuel ethanol, and oil (Ranum et al.,
2014). Panicoideae are also major components of C4 grasslands (Osborne, 2008) such as the tall
grass prairies of central North America (Martinson et al., 2011). Understanding the ecological
roles of Andropogon gerardii (big bluestem), Panicum virgatum (switchgrass), Schizachyrium
scoparium (little bluestem), Sorghastrum nutans (Indian grass), and other C4 grasses in a
phylogenetic context is key to successful restoration and management of this ecosystem (Chang
et al., 2014; Larkin et al., 2015). Thus, there is great interest in better understanding the
phylogenetic relationships among Panicoideae due to the economic and ecological importance of
this group.
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Over the past few decades, our understanding of the systematics and phylogeny of
Panicoideae has advanced. As of 2001, at least seven tribes were recognized in the subfamily
(Giussani et al., 2001). Significant revisions to the subfamily have occurred, with the removal of
Isachneae (Sánchez-Ken et al., 2007), and the submergence of Centothecoideae into Panicoideae
(Sánchez-Ken and Clark, 2010). A more recent and significant change was the splitting of the
Paniceae into Paniceae and Paspaleae based on chromosome numbers and molecular data. The
pantropical, x=9 species remained Paniceae, while the primarily American, x=10 species became
Paspaleae (Morrone et al., 2012). The current number of tribes in Panicoideae is twelve, with
three large groups: Paniceae, Paspaleae and Andropogoneae, and nine smaller groups:
Arundinelleae, Chasmanthieae, Centotheceae, Cyperochloeae, Gynerieae, Steyermarkochloeae,
Thysanolaeneae, Tristachyideae, and Zeugiteae (Soreng et al., 2017). From this newest
taxonomy, two phylogenetic positions have been proposed for the Panicoideae within the large
PACMAD (Panicoideae, Aristidoideae, Chloridoideae, Micairoideae, Arundinoideae,
Danthonioideae) clade: 1) The Aristidoideae are sister to the remaining PACMAD grasses
(Soreng et al., 2015; GPWG II, 2012), and 2) a newly proposed alternate hypothesis (Cotton et
al., 2015) that Panicoideae are sister to the rest of the PACMAD clade.
Most of these revisions to the Panicoideae were based on analyses of morphological data
as well as multi-locus molecular data. The most recent revision by Soreng et al. (2015) was
based on two chloroplast genome (plastome) markers, ndhF and matK. Other recent studies
supplemented molecular data with structural data; Sánchez-Ken and Clark (2010) used three
plastome markers, one nuclear marker, and 58 structural characters and Morrone et al. (2012)
used one plastome marker and 57 morphological characters. All of these studies were able to
produce trees that contained some phylogenetic resolution, but still lacked information that could
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fully define relationships. Over half of the nodes are either unresolved polytomies or have low
support values with maximum likelihood or maximum parsimony bootstrap values less than 80%
or posterior probabilities less than 0.95 (Sánchez-Ken and Clark, 2010; Morrone et al., 2012). An
analysis of plastome loci was recently reported by Washburn et al. (2015). The 78 protein coding
loci analyzed in that study indicated monophyly of six subtribes of Paniceae and 4-7 origins of
C4 photosynthesis. This is the only published analysis of Panicoideae to date that can be
considered to be at the scale of plastome-phylogenomics, although complete plastomes were not
produced or analyzed.
The ability to sequence and analyze full plastomes has accelerated phylogenomic studies
in Poaceae. The breadth of research based on complete plastomes range from answering
questions about deeply diverging subfamilies of grasses (Jones et al., 2014; Morris and Duvall,
2010), to divergences among New World Bambusoideae congruent with biogeography (Burke et
al., 2012; 2014), to phylogenomic relationships within and between grass subfamilies (Cotton et
al., 2015; Saarela et al., 2015; Wu and Ge, 2012; Wysocki et al., 2015; Zhang et al., 2011). In
previous phylogenetic studies, the use of full plastomes has yielded improved estimates of
species relationships with better resolution and higher support values, compared to the use of
data partitions that only include coding sequences (Burke et al., 2012; Ma et al., 2014; Saarela et
al., 2015; Zhang et al., 2011). Due to newer sequencing technologies, entire grass plastomes can
readily be generated from next generation sequencing (NGS) read pools, and this is reflected in
recent phylogenomic literature (Besnard et al., 2013; 2014; Burke et al., 2012; 2014; Cotton et
al., 2015; Duvall et al., 2010; Jones et al., 2014; Wu and Ge, 2012; Wysocki et al., 2015; Zhang
et al 2011).
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In this study, 35 newly sequenced plastomes combined with 15 published plastomes were
used to estimate a robust phylogeny for Panicoideae in the broad context of 22 outgroup
Poaceae. With this large data set, we addressed three specific objectives. The first was to
determine whether plastome phylogenomic relationships are congruent with the tribal and
subtribal taxonomic relationships determined in previous studies (Morrone et al., 2012; Soreng et
al., 2015). Complete plastomes were determined and analyzed for this objective to seek higher
levels of support than in previous studies. A second phylogenetic objective was to revisit two
alternative hypotheses for the topology of the PACMAD clade (GPWG II, 2012; Cotton et al.,
2015; Duvall et al., 2016). This entailed somewhat more extensive sampling of outgroup
Poaceae and SH testing. The third objective was to look for and describe rare genomic mutation
events in the subfamily. For this objective all coding and noncoding sequences of the full
plastomes were investigated for what are likely to be low frequency events.
Methods
Sampling
The sampling in this project included the sequencing of 35 new complete plastomes from
18 subtribes found in 10 of the 12 tribes of Panicoideae emphasizing genera that are currently
underrepresented in the available data on NCBI (Geer et al., 2009). With those NCBI sequences,
the sampling in Panicoideae included 50 complete plastomes. The outgroup taxa were selected to
include representatives for all available Poaceae subfamilies. For the rest of the PACMAD clade
we included two Chloridoideae, one Danthonioideae, one Micrairoideae, and two Aristidoideae.
For the BOP clade we chose five Pooideae, four Bambusoideae and three Oryzoideae. The
earliest diverging lineages were also included to represent a complete Poaceae phylogeny.
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Destructive sampling from herbarium material was performed with permissions from curatorial
staff. Seedlings were grown from germplasm stocks obtained from the USDA National Plant
Germplasm System (http://www.ars-grin.gov/npgs/). Vouchers and USDA accession numbers
are indicated (Appendix A: Supplemental 1).
Extraction
DNA extractions of Panicoideae samples were performed on young, green leaf tissue,
silica dried leaf tissue or herbarium specimens using the DNeasy Plant Mini kit (Qiagen,
Valencia, CA, USA) according to the manufacturer's instructions after homogenization of the
tissue in liquid nitrogen.
Library Preparation
Samples were prepared for NGS using two different protocols. Some DNAs were diluted
to 2 ng/μl, sheared into ~300 bp fragments (Bioruptor sonication, Diagenode, Denville, New
Jersey, USA), purified and concentrated. Then, the TruSeq low throughput protocol (gel method)
was used following the manufacturer's protocol (Illumina, San Diego, California, USA). The
remaining DNA samples were diluted to 2.5 ng/μl (50 ng total) for Nextera and 0.2 ng/μl (1 ng
total) for Nextera XT. Single end libraries were prepared using the standard protocol of the
Illumina Nextera or Nextera XT DNA Sample Preparation kit and a dual index adaptor was used.
All libraries were then sequenced at the core DNA facility at Iowa State University (Ames, Iowa,
USA) on an Illumina HiSEq 2000 instrument. Library preparation methods are summarized
Appendix A: Supplemental 2).
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NGS Plastome Assembly and Verification
Illumina reads were filtered and assembled following the methods used in Wysocki et al.
(2014). The reads were filtered by removing low scoring sequences and short reads
(DynamicTrim version 2.1, LengthSort version 2.1) (Cox et al., 2010), with default settings. A
Velvet version 1.2.08 (Zerbino and Birney, 2008; http://www.ebi.ac.uk/~zerbino/velvet/)
iterative de novo assembly (Wysocki et al., 2014) was performed on TruSeq and Nextera data
with k-mers set from 19–85 bp with intervals of six. Contigs were then combined into one file
and a final assembly was performed with the previous settings. For Nextera XT data, SPAdes
v.3.5.0 (Bankevich et al., 2012; http://bioinf.spbau.ru/spades) was used for de novo assembly
with k-mers as above. CD-Hit version 4.6 (Fu et al., 2012) was used to remove redundant
sequences in the final contig file. Then ACRE (Wysocki et al., 2014) was used to scaffold
contigs together.
The ACRE scaffolds and reads were imported into Geneious Pro version 6.1.8 (Kearse et
al., 2012; Biomatters Ltd., Auckland, New Zealand), and contigs for each sample were aligned to
a closely related plastome using the MAFFT version 7.017 (Katoh et al., 2005) plugin in
Geneious. Finally the gaps were closed by in silico genome walking. The reads were mapped to
the contigs and the majority of reads with at least 30 bp overlap at the end of the contig were
then concatenated to the contig, minus the overlap. A final verification of each plastome was
performed by mapping reads to their respective complete assembly and mean read depth was
determined (Wysocki et al., 2014; Appendix A: Supplemental 2).

12
Plastome Annotation
Plastome annotations were performed in Geneious Pro version 6.1.8 using the pairwise
align function. A reference plastome for each new accession was determined by choosing a
closely related species that was banked at NCBI. The annotations from the previously banked
plastome were transferred to the new plastome. The coding sequences were examined and
position boundaries were adjusted to preserve reading frames. The endpoints of the inverted
repeats (IR) were located using the methods from Burke et al. (2012). BLAST (Altschul et al.,
1997) was used to locate IR boundaries by comparing the assembled sequence, which had small
portions of the IR regions flanking the rest of the assembly, against itself. The transition points
that showed an orientation change from plus/plus to plus/minus indicated the IR boundary.
Geneious Pro’s motif feature was then used to flag these boundaries for annotation.
Phylogenomic Analyses
A plastome DNA (ptDNA) matrix was assembled for 72 Poaceae species: 50
Panicoideae, 35 new in this study, and the outgroup species. An alignment containing 72
complete plastomes, excluding one copy of the IR, was generated using Geneious Pro with the
MAFFT v7.017 (Katoh et al., 2005) plugin using the auto function for the algorithm and default
settings. The alignment was then manually examined for any shared or unique rare genomic
changes. Any gaps that were introduced in one or more sequences by the alignment were
excluded from the matrix.
A model for the gap-free nucleotide alignment was selected using jModelTest version
2.1.3 (Guindon and Gascuel, 2003; Darriba et al., 2012) on the gap-free nucleotide alignment,
and the GTR+I+G model was selected under the Akaike information criterion (Akaike, 1974).
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Maximum parsimony (MP) (Fitch, 1977), maximum likelihood (ML) (Felsenstein, 1981), and
Bayesian MC3 inference analyses (BI) (Yang and Rannala, 1997) were performed on the data
set. The MP analysis was performed with PAUP* version 4.0b10 (Swofford, 2003). The ML
analysis used RAxML-HPC2 on XSEDE version 8.1.11 (Stamatakis, 2014) at the CIPRES
Science Gateway (Miller et al., 2010a). The number of bootstrap replicates was set to 1000, all
model parameters were estimated during the analysis by default. The BI analysis used MrBayes
on XSEDE version 3.2.3 (Ronquist et al., 2012) at the CIPRES Science Gateway (Miller et al.,
2010a). MrBayes was set for two independent runs with four chains and twenty million
generations each, with a default 25% burn-in value. The substitution model was set to
“invgamma” and “nst = 6” and the other parameters were set at defaults. Finally, SH tests
(Shimodaira and Hasegawa, 1999) were used to test the best ML tree topology against seven
constrained topologies as suggested by previous studies (Cotton et al., 2015; Morrone et al.,
2012; Soreng et al., 2015).
Sanger Sequencing Verification of mtDNA Inserts
A verification step was done to determine the mtDNA inserts in the plastomes of P.
dilatatum and P. fimbriatum. Primers that were specific to only the mtDNA inserts were created
(Appendix A: Supplemental 3). Each of these primers was used in combination with a plastomespecific primer in PCR experiments following the general methods of Dhingra and Folta (2005)
with modifications based on Leseberg and Duvall (2009) and Morris and Duvall (2010). PCR
products were electrophoretically separated for product number and length verification
(Appendix A: Supplemental 5). The products were cleaned using the Wizard SV PCR Clean-up
System (Promega, Madison, Wisconsin, USA), and sent for automated Sanger sequencing at
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ACGT Inc. (Wheeling, Illinois, USA). The Geneious Pro pairwise align feature was used to align
the Sanger and Illumina sequence data for verification of the inserts.
Results
Plastome Assembly and Feature Analysis
Complete plastomes from 35 species of Panicoideae were annotated and submitted to
Genbank. All plastomes were highly conserved and exhibited the gene content, gene order and
the quadripartite structure that are typical of grasses. The length of the Panicoideae plastomes
ranged from 134,520–141,182 bp with an average length of 139,687 bp. The number of reads in
the new species files were on average 8,322,030, which assembled into an average of 4.89
contigs after de novo assembly. The complete plastomes were assembled with an average read
depth of 114.76 (Appendix A: Supplemental 2).
The observed plastome length variation is primarily due to the trnI-CAU — trnL-CAA
spacer. This region is located in the IR, and changes to its size are reflected twice in the overall
plastome length. There are two different large inserts in Paspalum fimbriatum (2,878 bp) and P.
dilatatum (963 bp) and one large deletion in Panicum capillare (~2,682 bp) making it the
smallest plastome (134,520 bp). The longest plastome, Saccharum officinarum (141,097 bp), has
no identifiable insert(s) to explain its unique length.
The inserts in P. fimbriatum and P. dilatatum were queried for putative homology using
BLASTn (Altschul et al., 1997) and reads were mapped to both inserts to inspect continuity
before, throughout, and after the putative mtDNA inserted sequence. In P. fimbriatum, the first
1,427 bp and the last 710 bp matched that to Tripsacum dactyloides mitochondrial DNA
(mtDNA) at 98% and 99%, respectively. The internal 741 bp of the insert matched small
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sequences of non-grass DNA with a 176 bp read that resembles fungal Melanopsichium
pennsylvanicum and Ustilago maydis rRNA at 68% and 67% identity, respectively. The read
depth at the beginning of the insert in P. fimbriatum was 72 reads, 91 reads at the end of the
insert, and an average of 117.8 reads for the entire insert compared to an average of 113 reads for
the entire IR. The insert in P. dilatatum had multiple small inserts, collectively 346 bp, that
matched to Tripsacum dactyloides mtDNA at 84%. The rest of the sequence had smaller
intermittent hits that resembled nuclear or mRNA of Poaceae (Figure 1). The read depth at the
beginning of the insert in P. dilatatum was 31 reads, 28 reads at the end of the insert, and an
average of 23.6 reads for the entire insert compared to an average of 25.1 reads for the entire IR.
Based on the alignment, the gene InfA was noted as having two different start positions in
Panicoideae. An upstream start was seen in 13 species: Arundinella deppeana, Otachyrium
versicolor, Steinchisma laxa, Plagiantha tenella, Coleataenia prionitis, Paspalum fimbriatum,
Paspalum dilatatum, Paspalum glaziovii, Axonopus fissifolius, Setaria italica, Paspalidium
geminatum, Lecomtella madagascariensis, and Thysanolaena latifolia. The start codon occurs 18
bp further upstream compared to other Panicoideae due to a deletion event. With this deletion,
there is also a base change at the beginning of the sequence, AGGAGA to ATGACA, in the
species with the smaller InfA gene. This changes the sequence to a start codon and keeps the rest
of the coding sequence in frame. Cenchrus americanus also shows this same base change, but
still has the longer InfA gene.
Phylogenomic Analyses
The alignment of the 72 species with one IR and gaps removed contained 12,757 parsimony
informative characters. The MP analysis produced one most parsimonious tree with a
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Figure 1:
Plastome maps illustrating the mtDNA inserts in the trnI - trnL intergenic spacer
in Paspalum fimbriatum, P. dilatatum and their probable progenitor, as well as Panicum
capillare, which has a large deletion in this region, and L. madagascariensis, which illustrates a
typical grass plastome. The colors correspond to the similarity of DNA determined by BLAST
results: red is mitochondrial-like, purple is smut-like, and green is sequence that did not return
high similarity scores with any banked sequences. The ptDNA regions A and B correspond to
regions of DNA with high pairwise identity, and is present in most species of Panicoideae
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consistency index (CI) excluding uninformative characters of 0.5032 and a retention index (RI)
of 0.7608. The ML tree had -lnL = -417978.62 that was topologically identical to the consensus
BI tree (Figure 2). The MP tree differed from the ML tree and the consensus BI in three
specificways. The first difference was a polytomy including the clade of Eulalia aurea and
Sorghastrum nutans, the clade of Imperata cylindrica, Saccharum officinarum, Sorghum
timorense and S. bicolor, and the rest of the Andropogoninae and Anthistiriinae. The second
difference was the topology among the three taxa: (Amphicarpum muhlenbergianum,
(Echinochloa oryzicola, Oplismenus hirtellus)) in the MP tree and ((A. muhlenbergianum, E.
oryzicola), O. hirtellus) in the ML tree. The final difference was the divergence pattern in the
other PACMAD species, with the topology (Chloridoideae, (Danthonioideae, Micrairoideae)) in
the MP tree, and (Micrairoideae, (Chloridoideae, Danthonioideae)) in the ML tree. In the
topologies obtained from the three methods, Panicoideae were sister to the remainder of
PACMAD species.
The phylogenomic analyses retrieved trees with six monophyletic groups corresponding to
subtribes: Andropogoninae, Anthistiriinae, Arthropogoninae, Boivinellinae, Melinidinae, and
Otachyriinae. Other areas of the final tree topologies indicated non-monophyly of five previously
recognized subtribes. Two instances were found in Andropogoneae. The first is the placement of
Sorghastrum nutans (Sorghinae) as sister to Eulalia aurea (Saccharinae). This clade was sister
to a clade of Andropogoninae (two species) and Anthistiriinae (four species). The other
Saccharinae, Microstegium vimineum, was sister to the remaining Andropogoneae. In Paniceae,
Whiteochloa capillipes (Cenchrinae) was strongly supported (100|100|1.0) as the sister to
Panicum capillare, and this clade was sister to Panicum virgatum (both Panicinae). The final
non-monophyly was Lecomtella madagascariensis (Paspalinae) as sister to a clade of the four
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Figure 2:
Cladogram of the 50 Panicoideae (species names in bold indicate that they are
newly sequenced in this study) with outgroup species. All nodes are supported at bootstrap
values (BV) of 100 and posterior probabilities (PP) of 1.0 except where noted (MPBV | MLBV |
PP). Bootstrap analysis did not support branches marked “--”. Subtribal names with
disagreements to monophyly are color coded. Tribes and higher taxonomic groupings are
indicated
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tribes: Andropogoneae, Paniceae, Paspaleae (in which the remaining Paspalinae are classified),
and Arundinelleae. The five subtribes retrieved as non-monophyletic were then individually
constrained as monophyletic as alternative topologies for the SH tests for comparison against the
ML topology. Similarly, Aristidoideae was constrained as sister to the remaining PACMAD
clade instead of Panicoideae testing previous alternative hypothesis for this subfamily (GPWG
II, 2012). Finally, all of the constrained groups were included in a single alternate tree. The SH
tests rejected all alternative topologies compared to the ML tree topology (p < 0.05; Appendix A:
Supplemental 4).
Sanger Sequencing Verification of mtDNA Insert
The amplifications produced one product of the expected size for each primer pair
(Appendix A: Supplemental 5). The reaction product for IRB 3F / PdiR was 1109 | ~1100 bases
(expected length | observed length), PdiF / IRCL 11R was 1170 | ~1200, IRB 10F / PfiR was
1638 | ~1600, and PfiF / IRCL 11R was 1856 | ~1800. The sequence data for each species from
the Sanger method matched the NGS sequence of the putative insert with 100% nucleotide site
identity verifying the boundaries between the mtDNA and the ptDNA for both species.
Discussion
In this study, genome-skimming techniques were used to successfully generate 35
complete Panicoideae plastomes without plastid enrichment of the libraries. The three different
library preps, TrueSeq, Nextera and NexteraXT, produced libraries that range from 1.1 - 27.7
million reads. Assembly methods of Wysocki et al. (2014) produced on average 4.9 contigs per
plastome (Appendix A: Supplemental 2). The inability of the software to create one large contig
from the reads and contigs is mostly due to repetitive regions, which causes discontinuities in the
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de Bruijn graph and results in collapsing identical sequences (Miller et al., 2010b). Using quality
trimmed reads to manually extend contigs until there was sufficient overlap between contigs
resolved this problem.
Plastome Feature Analysis
mtDNA to ptDNA transfers were originally thought to be extremely rare (Smith, 2014) or
non-existent events (Rice and Palmer, 2006; Richardson and Palmer, 2007). The first two
documented cases of mtDNA to ptDNA transfer were discovered in the eudicots Daucus carota
(Goremykin et al., 2009) and Asclepias syriaca (Straub et al., 2013). The first instance of
mtDNA to ptDNA transfer in monocots was found in two genera of the subtribe Parianinae of
the Olyreae (herbaceous bamboos Eremitis sp. and Pariana radiciflora) by Wysocki et al. (2015)
and was subsequently confirmed in two other Parianinae species (Ma et al., 2015). Another
instance was found in Triticum monococcum (Saarela et al., 2015). The sequence in Paspalum
dilatatum and P. fimbriatum plastomes with high sequence similarity to mtDNA, which were
sequenced in this study, provide further evidence of mtDNA to ptDNA transfer. Neither extracts
nor libraries were enriched for any specific type of DNA, and the read depths of each insert are
similar to the read depth of the IR region in which it is found. On average there are around 50
chloroplasts per mesophyll cell, but hundreds to thousands of mitochondria per average cell
(Raven et al., 2005). Therefore, if these inserts were created by assembly error, and the sequence
is actually found solely in the mitochondrial genome, we would expect much greater read depth
in the putative inserts than the average read depth of the plastid IR. This magnitude of difference
would be reflective of the greater number of mitochondria per average cell. It is also important
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to note that flanking regions in the assembly showed no sign of mismatching, misassembly, or
coverage interruption.
The mtDNA inserts in the plastome of P. fimbriatum were queried using BLASTn and
matched to the Tripsacum dactyloides cultivar Pete (Andropogoneae) mitochondrion (GenBank
accession NC_008362) at 98% identity. Note that there are relatively few complete mitogenomes
sequenced from Poaceae. The upstream part of the insert had a 98% nucleotide identity to the
mitochondrial trnM-a-1 — trnY-1 intergenic region in T. dactyloides and further downstream in
a region that repeats these same genes, trnM-a-2 — trnY-2 intergenic region. The downstream
mtDNA insert had a 99% nucleotide identity to the nad4L — trnF-cp intergenic region. The
distance between these regions in the plastome is 741 bp, compared to T. dactyloides where it is
over 187,000 bp from the trnM-a-1 — trnY-1 intergenic region or over 122,000 bp from the
trnM-a-2 — trnY-2 intergenic region. This means that the mtDNA to ptDNA transfer was either:
1) two separate rare transfer events in congeners, or 2) that the gene and intergenic region order
in the mtDNA donor to P. fimbriatum differs greatly from that of T. dactyloides. Difference in
gene order is probable since differences in mitochondrial gene order between genera and even
congeneric species is reported (Knoop, 2004; Palmer and Herbon, 1988; Richardson et al., 2013;
Satoh et al., 2004).
The mtDNA insert in P. fimbriatum also contained a 176 bp sequence that returned a
BLAST query with the top results being Melanopsichium pennsylvanicum (HG529787) and
Ustilago maydis (NC_008368), smut fungi (Ustilaginaceae) that usually infect Poaceae (Sharma
et al., 2014). There are two possible explanations for the smut-like insert. The first is that two
insertions occurred in the plastome in which a smut-like sequence was inserted into an already
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existing mitochondrial-like insert. The other scenario is one insertion of a mitochondrial
sequence into the plastome that has the smut-like sequence already acquired by the
mitochondrion. The latter seems more probable since plant mitochondria will actively import
foreign DNA on a regular basis (Koulintchenko et al., 2003), while uptake of foreign DNA into
the plastome is an extremely rare event (Smith, 2014). The second scenario is also preferable due
to the smut’s placement between two mtDNA sequences, and the overall unlikeliness of two
insertions, one nested within the other, occurring in the plastome.
The mtDNA insert in P. dilatatum is not as readily explained. The BLAST results from
P. dilatatum also correspond with T. dactyloides at 84% identity, but the results are small and
fragmented sequences: 179 bp, 98 bp and 69 bp. None of the mtDNA sequences in the P.
dilatatum insert are similar to the mtDNA sequences in the P. fimbriatum insert, and the insert in
P. dilatatum is noticeably shorter, a difference of 1,915 bp.
One hypothesis for the presence of the inserted region is that since P. fimbriatum and P.
dilatatum are two congeners with an extremely rare mtDNA insert, the event could have
happened once in their immediate progenitor. But to explain the fact that the mtDNA inserts
have little sequence homology, subsequent independent mutations degrading this mtDNA
sequence separately in each species would have to be postulated. A second hypothesis is that P.
fimbriatum and P. dilatatum had parallel, independent mtDNA insertions. However, the rarity of
these events (Smith, 2014) reduces the probability of this scenario. Other hypothetical scenarios
are also possible, but even more complex.
The trnI — trnL intergenic spacer region, the region in which the mtDNA insert occurs,
appears to be a hotspot region for deletions in grasses. Most non-grass plants have a functional

23
ycf2 gene in the trnI — trnL intergenic spacer region. With the elimination of the ycf2 gene in
grasses, this could lead to differential degradation as hypothesized by Maier et al. (1995). All
outgroup grass species in this study have a deletion of at least ~1,141 bp within this region, while
most Panicoideae have a ~392 bp deletion except for Digitaria exilis. In the Panicoideae, there
are multiple unique deletions in this region such as a ~1,018 bp deletion in Oplismenus hirtellus,
a ~371 bp deletion shared by Setaria italica and Paspalidium geminatum, and a ~349 bp deletion
in Digitaria exilis. A larger deletion, ~3,611 bp, is found here in Panicum capillare. Part of the
deletion in P. capillare encompasses ptDNA region A, a region of ptDNA that is shared by most
Panicoideae species (Figure 1), and the deletion of this region is also a shared in P. dilatatum. A
similar deletion is seen in P. fimbriatum, where there is a deletion in the ptDNA region B (Figure
1), another region shared by most species of Panicoideae. No flanking repeats or other sequences
suggested a specific mutational mechanism. However, the mechanism that is causing the
deletions is not specific to one lineage, but is occurring independently in different lineages thus
indicating that deletions are common in this region.
Based on the data presented, this study suggests that the size of the putative mtDNA
insert in the plastome would be at least 3,841 bp, the combined lengths of the two inserts in P.
dilatatum and P. fimbriatum (Figure 1). Then the same type of elimination/ degradation that is
seen in some panicoids for this region, also occurred in the ancestor of P. fimbriatum and P.
dilatatum. This could also obscure the original mtDNA sequence, thus making it more difficult
to recognize. This may explain the large portions of sequence, 565 bp in P. fimbriatum and 617
bp in P. dilatatum, that do not return BLAST results with high identities to banked sequences
over 30 bp in size. Thus, due to different molecular histories with non-uniform degradation of
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the original mitochondrial insertion, the single insertion appears to be two different insertions in
congeners.
The other notable molecular event in the panicoid plastomes was the shortening of the
infA gene. This event, while homoplasious, identifies another hotspot for mutation in the grass
plastome. The original sequence of
T|ATG|ACAGAAAAAAAAAATAGGAGAGAAAAAAAAAA, where the start codon in frame
is bracketed with pipes, exhibits two SNPs, seen in Cenchrus americanus that change it to:
T|ATG|ACAGAAAAAAAAAAT|ATG|ACAGAAAAAAAAAA. These two SNPs convert it to
a perfect 18 bp repeat, which is then sometimes lost, presumably by slipped strand mispairing
(Graur and Li, 2000). The sequence is deleted in Setaria italica, Paspalidium geminatum,
Arundinella deppeana, Lecomtella madagascariensis, and Thysanolaena latifolia as well as in
most Paspaleae except for Oncorachis ramosa.
Phylogenomic Analyses
The phylogeny that was estimated (Figure 2) is in partial agreement with previous studies
(GPWG II, 2012; Morrone et al., 2012; Soreng et al., 2015). Following the taxonomy in most of
these studies, we retrieved two of the major tribes, Andropogoneae and Paniceae, as
monophyletic, as well as the smaller tribe Tristachyideae. The general order of divergence is
congruent with GPWG II (2012) and Soreng et al. (2015). The five smaller tribes, Centotheceae,
Chasmanthieae, Thysanolaeneae, Tristachyideae, and Zeugiteae, diverge as one clade with
subsequent within-group divergences, which is not consistent with Morrone et al. (2012). This is
followed in general by the serial divergence of Paniceae, Paspaleae, Arundinelleae and
Andropogoneae. Taxa that do not demonstrate monophyly or show relationships that are strongly
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incongruent with previous studies (GPWG II, 2012; Morrone et al., 2012; Soreng et al., 2015)
are noted below.
Saccharinae and Sorghinae
Within the Andropogoneae, the sister group relationship between Sorghastrum nutans
and Eulalia aurea is highly supported (98|90|1.00), but their placement in a clade with
Anthistiriinae and Andropogoninae has much lower support (--|73|1.00) (Figure 2). Both
alternative trees that forced the monophyly of Saccharinae and Sorghinae were rejected as
plausible alternative hypotheses by SH tests (Figure 2). Future sampling with better balancing of
ingroup Sorghinae and Saccharinae with outgroup Andropogoneae might better address
questions of subtribal monophylies. The other member of Saccharinae that contradicts the
monophyly of the subtribe is Microstegium vimineum. M. vimineum has been under scrutiny due
to suspected non-monophyly of this genus and uncertain, weakly supported placement (Chen et
al., 2009). This study produced maximum support, from all three analyses, for the placement of
M. vimineum as sister to the rest of the Andropogoneae. While this placement of M. vimineum is
congruent with previous results for this species (Chen et al., 2009), whole plastome sequences of
M. nudum and other species of Microstegium will be required to demonstrate the full extent of
non-monophyly of this genus.
Imperata cylindrica
The genus Imperata is classified as incertae sedis within Andropogoneae by Soreng et al.
(2015). The placement of I. cylindrica in this study has strong support (98|99|1.0) as sister to a
clade of Saccharum officinarum and two species of Sorghum. This is in disagreement with
previous studies of Panicoideae that suggest a sister relationship for I. cylindrica with the
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subtribe Germainiinae (GPWG II, 2012; Teerawatananon et al., 2011). This uncertain placement
stems from the reorganization of the Saccharinae and Germainiinae, which left four genera,
Eriochrysis, Imperata, Pogonatherum, and Tripidium, as incertae sedis (Soreng et al., 2015).
More extensive sampling of complete plastomes is needed before recommendations can be made
for the confident placement of I. cylindrica or any of these other genera.
Panicinae and Cenchrinae
Within the Paniceae, another incongruence with other studies is the placement of
Whiteochloa capillipes (Cenchrinae) within the subtribe Panicinae. Previous studies have placed
W. capillipes within Cenchrinae, but with low branch support or polytomies in the subtending
nodes (Morrone et al., 2012; Soreng et al., 2015). All three analyses produce maximum support
for the placement of W. capillipes within Panicinae in this study. The alternative tree that
constrained the monophyly of Cenchrinae was rejected as plausible alternative hypotheses by SH
tests (Figure 2). While we are not making a recommendation for reclassification of W.
capillipes, with only six species of Whiteochloa (Watson and Dallwitz, 1992 onward) an analysis
of a more taxonomically dense matrix including all species from this genus could be performed
using complete plastomes to determine the phylogenomic placement of this genus within
Paniceae.
Lecomtella madagascariensis
The final subtribal discrepancy is the positioning of Lecomtella madagascariensis in
Paspaleae. There is high contrast between the placement of L. madagascariensis in this study,
which is sister to a clade of the four tribes Paniceae, Paspaleae, Arundinelleae and
Andropogoneae, and two previous studies based on considerably less plastome sequence that
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place it in a weakly supported Paspalinae (Morrone et al., 2012; Soreng et al., 2015). Our
phylogenomic hypothesis, which is supported by SH tests and moderate support values
(94|75|1.00), is more congruent with a study specifically investigating the placement of L.
madagascariensis (Besnard et al., 2013). Here, the full plastome history that occurred during the
approximately 20 million years of isolated evolution in Madagascar (Besnard et al., 2013)
informs our hypothesis. Based on this study and the recent study by Besnard et al. (2013) we
strongly support the adoption of the tribe Lecomtelleae.
PACMAD Clade
The dominant hypothesis for the deep divergences in this clade was the Aristidoideae in a
weakly supported position as the sister to the other five subfamilies (GPWG II, 2012). An
alternate hypothesis was first proposed by Cotton et al. (2015) suggesting that Panicoideae
occupied a sister position to the remaining subfamilies and this result was retrieved despite the
composition of outgroups. Further support for this alternate hypothesis was found by Duvall et
al. (2016) when 14 chloridoid species were included. Here we show that increasing panicoid
sampling similarly supports the alternative hypothesis. Early divergence in PACMAD grasses
has important implications for the origin and evolution of the group, but currently no data set has
been reported to definitively reject either the original or alternative hypothesis.
Conclusion
In conclusion 35 new Panicoideae species were sequenced via NGS technologies. An
investigation of rare genomic changes was conducted and two instances of mtDNA inserts in the
plastome were added to a growing list of probable mtDNA to ptDNA transfer events among
grasses. A phylogeny was retrieved based on 50 panicoids, which strengthened previous results
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in some cases, but also identified some incongruencies that require more taxonomic sampling for
certain genera. Future Panicoideae studies could also benefit from having at least one
representative from each tribe, as this would help with the placement of incertae sedis species as
well as uncertain tribal relationships in the subfamily. We also endorse the adoption of the tribe
Lecomtelleae, based on the new robust phylogeny from this paper as well as a previous study
(Besnard et al., 2013). Finally this study demonstrates a new level of phylogenomic sampling, 72
species, at which complete plastome studies can be conducted, while still maintaining high
resolution and support.
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CHAPTER 3 —PHYLOGENOMICS AND PLASTOME EVOLUTION OF TROPICAL
FOREST GRASSES (LEPTASPIS, STREPTOCHAETA: POACEAE)
Abstract
Studies of complete plastomes have proven informative for our understanding of the
molecular evolution and phylogenomics of grasses. In this study, a plastome phylogenomic
analysis sampled species from lineages of deeply diverging grasses including Streptochaeta
spicata (Anomochlooideae), Leptaspis banksii and L. zeylanica (both Pharoideae). Plastomes
from next generation sequences for three species were assembled by de novo methods. The
unambiguously aligned coding and noncoding sequences of the entire plastomes were aligned
with those from 43 other grasses and the outgroup Joinvillea ascendens. Outgroup sampling of
grasses has previously posed a challenge for plastome phylogenomic studies because of major
rearrangements of the plastome. Here, over 81,000 bases of homologous sequence were aligned
for phylogenomic and divergence estimation analyses. Rare genomic changes, including
persistently long ψycf1 and ψycf2 loci, the loss of the rpoC1 intron, and a 21 base tandem repeat
insert in the coding sequence for rps19 defined branch points in the grass phylogeny. Marked
differences were seen in the topologies inferred from the complete plastome and two-gene
matrices, and mean ML support values for the former were 10% higher. In the full plastome

This chapter was previously published as: Burke, S. V., Lin, C. S., Wysocki, W. P., Clark, L. G., & Duvall, M. R.
(2016). Phylogenomics and plastome evolution of tropical forest grasses (Leptaspis, Streptochaeta: Poaceae).
Frontiers in plant science, 7, 1993. It is reprinted by permission of the first author of the paper, who holds the
copyrights.
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phylogenomic analyses, the two species of Anomochlooideae were monophyletic. Leptaspis and
Pharus were found to be reciprocally monophyletic, with the estimated divergence of two
Leptaspis species preceding those of Pharus by over 14 Ma, consistent with historical
biogeography. Our estimates for deep divergences among grasses were older than previous such
estimates, likely influenced by more complete taxonomic and molecular sampling and the use of
recently available or previously unused fossil calibration points.
Introduction
Grasses (Poaceae) dominate terrestrial ecosystems that account for approximately 40% of
the land area of the earth (Gibson, 2009). The most conspicuous of these ecosystems are open
habitats, such as pampas, prairies, steppes, veldts, and alpine grasslands. In spite of the
dominance of grasses in contemporary open habitats, grass systematists demonstrated some time
ago that the family originated as species adapted to the understories of tropical forests (Clark et
al., 1995). In phylogenetic analyses, descendants of these deep grass lineages form a grade of
three subfamilies: Anomochlooideae, Pharoideae, and Puelioideae (Grass Phylogeny Working
Group [GPWG I], 2001; Grass Phylogeny Working Group [GPWG II], 2012; Soreng et al., 2015
and many other references). All other grass species, here referred to as the crown group clade
(CGC), form a major radiation sister to Puelioideae. Of the 12 subfamilial lineages, the most
deeply diverging are Anomochlooideae and Pharoideae.
Anomochlooideae comprise two genera of perennial lowland forest grasses both found in
tropical America. Species in this group are the most morphologically divergent in the family.
Anomochloa marantoidea Brongn., the only species in this genus, has a particularly distinctive
reproductive morphology. Lodicules, typically found in grass florets are absent and stamens
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number four, rather than the more usual (1–) 3 (−6) found in other species. Bracts and secondary
axes in the inflorescence are in atypical positions and no structures with clear homologies to
glumes, lemmas, or paleas are present (Sajo et al., 2008, 2012). Because of their unique
structure, inflorescence units in this species are interpreted as spikelet equivalents (Clark and
Judziewicz, 1996; Kellogg 2015; Sajo et al., 2008) rather than the true spikelets characteristic of
other grasses. This distinction is the basis for the name “spikelet clade,” which refers to all other
Poaceae (11 other subfamilies and 11,000 species) excluding Anomochlooideae (Grass
Phylogeny Working Group [GPWG I], 2001). Streptochaeta Schrad. ex Nees, the other genus in
the subfamily, has three species. The florets of species in this genus have a somewhat more
typical number of six stamens. The inflorescence units are similarly interpreted as spikelet
equivalents. Lodicules are homologous to tepals, but at least in one species of Streptochaeta
there are alternative tepal homologues, which are three distalmost bracts in the spikelet
equivalent (Preston et al., 2009). Molecular data suggested that the ancestor of Anomochloa and
Streptochaeta diverged prior to the divergence of all other groups of grasses (Clark et al., 1995;
Mathews et al., 2000; Givnish et al., 2010; Grass Phylogeny Working Group [GPWG I], 2001).
However, the uncertain homologies of their unique floral organs with those of grasses led Morris
and Duvall (2010) to suggest that the affinities of Anomochlooideae with Poaceae should be
reevaluated.
Pharoideae are also perennial grasses of tropical and subtropical forests (Watson and
Dallwitz, 1992 onwards). The genera divide into two groups: 1) Leptaspis R. Br. and
Scrotochloa Judz. are biogeographically and morphologically similar. Both are paleotropical,
although the range of Leptaspis extends further west into Madagascar and Africa and east to
New Caledonia (http://apps.kew.org/wcsp/). Lodicules in the two genera are small or absent.
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Both have female spikelets with urceolate (urn-shaped) lemmas open only at an apical pore.
These similarities have caused some authorities to synonymize Scrotochloa with Leptaspis
(Clayton and Renvoize, 1986; www.theplantlist.org/tpl1.1/search?q=Scrotochloa) although
others recognize the two as separate genera (Soreng et al., 2015; Watson and Dallwitz, 1992;
WCSP, 2015) and still others find the affinities among the pharoid genera ambiguous (Kellogg,
2015). 2) The second group comprises the single genus, Pharus P. Browne, which is a
biogeographically and morphologically distinct genus. Pharus is exclusively neotropical.
Lodicules are restricted to staminate flowers, when present, and the lemmas of female spikelets
are unusual in form: cylindrically shaped with the margins inrolled against the palea.
In previous studies, complete plastid genomes (plastomes) of Pharoideae and
Anomochlooideae were characterized by surveying specific types of mutations that often marked
single divergence points in phylogenies. These events, which are called rare genomic changes
(RGC) in recent studies of grass plastomes (Jones et al., 2014; Duvall et al., 2016; Orton et al.,
2017), are distinguished not only by relative infrequency, but can also be attributed to mutational
processes that distinguish them from microstructural changes such as nonreciprocal site-specific
recombinations (Graur and Li, 2000). Morris and Duvall (2010) presented a detailed comparison
of plastome structure in Anomochloa marantoidea to those of other grasses. Several features
relating to two pseudogenes and an intron were atypical for the plastomes of other grasses, which
may also be present in Streptochaeta, but this has not been confirmed with published sequence
data. Complete characterization of these features in the plastomes of both genera in the
subfamily requires full plastome data for Streptochaeta. Jones et al., (2014) used plastome
phylogenomics to confirm the topology of deeply diverging Poaceae. They were also able to
systematically document RGCs that marked specific branch points in the phylogeny. Finally,
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they estimated divergence times among these deep lineages finding that the lower ends of these
ranges extended to considerably older dates than previously estimated.
In this paper, we extend the studies of Jones et al., (2014) and Morris and Duvall (2010),
adding complete plastomes from three species of the most deeply diverging subfamilies of
grasses. To date, no phylogenomic analyses of complete plastomes have been published that
include representatives of both paleotropical and neotropical Pharoideae and both genera of
Anomochlooideae. Pharus and Leptaspis have previously been included together in few
phylogenetic studies: one morphological analysis by Kellogg and Campbell (1987) and two
multi-gene analyses of three or four plastid loci (Christin et al., 2013; Jones et al., 2014).
Exploring the significance of these early diverging lineages in Poaceae is facilitated when
the sampling can be balanced with other ingroup taxa and non-grass outgroups for comparison.
At this writing there are considerably more complete plastomes from ingroup Poaceae than from
any other angiosperm family (see www.ncbi.nlm.nih.gov/genome/browse/). However, outgroup
sampling poses a challenge for plastome phylogenomics of grasses. Multiple overlapping
inversion events, some of which are tens of kilobases in size, have variously rearranged the large
single copy (LSC) regions in grasses and other Poales compared to those of all other
angiosperms (Doyle et al., 1992; Katayama and Ogihara, 1996; Michelangeli et al., 2003;
Wysocki et al., 2016). The difference in plastome synteny means that the use of non-grass
outgroups is problematic. For example, part of the LSC region that is approximately 30,000 base
pairs (bp) in size no longer aligns unambiguously between grasses and their outgroups. This
study will employ methods to use an outgroup plastome and preserve as much homologous
sequence as possible, without falsely representing the evolutionary history. For the outgroup, the
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recently published Joinvillea ascendens plastome (Wysocki et al., 2016) was chosen due to its
close relationship to Poaceae (Jones et al., 2014; Marchant and Briggs, 2007; Prasad et al., 2005;
Soreng et al., 2015; Vicentini et al., 2008).
Extensive plastome phylogenomic analyses of CGC grasses are reported in published
studies (Burke et al., 2014; Cotton et al., 2015; Duvall et al., 2016; Saarela et al., 2015; Wu et al.,
2009; Wu and Ge, 2012). These show that the approach offers good resolution with generally
robust support values and allows for more confident estimates of divergence dates. Previous
studies of complete grass plastomes have investigated partitioning the plastome in different ways
(e.g., major plastome subregions or coding and noncoding sequences) to remove signal that
conflicts with the dominant phylogenetic signal. Partitioning studies failed to show clear
advantages when restricting the plastome data beyond the removal of ambiguously aligned
regions (Burke et al., 2012; Cotton et al., 2015; Ma et al., 2014; Saarela et al., 2015; Zhang et al.,
2011). The use of all unambiguously aligned coding and noncoding sequences from the entire
plastome in these studies substantially increased phylogenetic information and raised support
values to their maximum levels at most nodes. In this study we apply a similar approach, with a
focus on Anomochlooideae and Pharoideae.
Here we investigated the complete plastomes of two pharoid and one anomochlooid
species, which were newly sequenced, and analyzed them with 43 other grass plastomes and one
outgroup to address three objectives. 1) Given some of the unresolved questions of synonymy
and intergeneric relationships in Pharoideae, we assessed whether Leptaspis and Pharus were
reciprocally monophyletic. 2) We identified molecular evolutionary events, particularly those
that could be considered RGC, in a plastome phylogenomic context. In particular, we
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determined whether specific RGC such as pseudogenizations and alterations in the length of
protein coding sequences previously observed in Anomochloa and Pharus were conserved across
their respective subfamilies. 3) We extended the time-tree analysis of Jones et al., (2014). Here
we added complete plastomes from over 40 species to our analysis and used more fossil
calibration points, including a recently published root node fossil (Poinar et al., 2015).
Divergence dates were estimated for the same species in parallel from a two-gene matrix and the
complete plastome matrix to contrast previous analytical approaches with the full plastome
phylogenomic approach employed here. With these improvements we explored the divergence
of neotropical from paleotropical Pharoideae and explored the time of origin of the divergence of
the two genera of Anomochlooideae.
Materials and Methods
Sampling
Sampling from the three deeply diverging lineages of grasses included two species of
Anomochlooideae, four species of Pharoideae, and one species of Puelioideae (four of these
were previously sequenced and published). Three complete plastomes, followed by their
voucher, collection location, and subfamily, were newly sequenced for this study including
Streptochaeta spicata Schrad. Ex Nees (L. Clark and D. Lewis, 1642 (ISC); Brazil;
Anomochlooideae), Leptaspis banksii R.Br. (S.-H. Wu, 139796 (HAST); Southern Taiwan;
Pharoideae) and L. zeylanica Nees ex Steud. (L. Attigala, 156 (ISC); Sri Lanka; Pharoideae).
Next Generation Sequencing
Plastome sequences were obtained using two different next-generation sequencing (NGS)
methods to accommodate different starting quantities of DNA and available resources. 1)

36
Genomic DNA was extracted from leaf tissue of L. banksii with the urea extraction buffer system
following Sheu et al., (1996). A paired-end DNA library was prepared using the TruSeq sample
preparation protocol following the manufacturer’s instructions (Illumina, San Diego, CA, USA).
Sequencing was performed on a MiSeq instrument (Illumina, San Diego, CA, USA) at the NGS
Core facility at Academia Sinica, Taipei, Taiwan. This method produced 300 bp fragments with
an average insert size of 590 bp. 2) DNA was extracted from silica-dried leaf samples of S.
spicata and L. zeylanica with the DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA) after
homogenization of the tissues in liquid nitrogen. DNA extracts were diluted to a final
concentration of 2.5 ng/µl in sterile water. Single-read DNA libraries were prepared with the
Nextera protocol (Illumina, San Diego, CA, USA). The DNA Clean and Concentrator system
was used for library purification (Zymo Research, Irvine, CA, USA). Sequencing was performed
on the HiSeq 2000 platform at the Iowa State University DNA Sequencing Facility, Ames, IA,
USA. This method produced 100 bp reads. Sequencing techniques for each species are
summarized (Appendix B: Supplemental 6).
NGS Plastome Assembly and Verification
Illumina sequence reads from both the MiSeq and HiSeq instruments were assembled
into complete plastid genomes with similar de novo methods. These methods are fully described
in Wysocki et al., (2014). Briefly, assembly made use of the Velvet v. 1.2.08 software package
(Zerbino and Briney, 2008). This process was iterative so that contigs from the previous Velvet
assembly were reloaded for three additional assemblies. With each iteration, k-mer lengths were
increased in steps of six from 19 to 85 bp. A second de novo assembly method was implemented
for L. banksii in which SPAdes v. 3.5.0 (Nurk et al., 2013) was used to assemble reads
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specifying the same k-mer sizes. Contigs were scaffolded with the anchored conserved region
extension method, which queries contig sets for sequences 20 or more bases in length that were
found to be invariant across 75 Poaceae species. Any gaps remaining between contigs in the
scaffolds were resolved with contigs or reads by locating perfectly overlapping regions of at least
20 bp on the end of an incomplete assembly. A final verification step was performed by
mapping the quality-trimmed read pool against the de novo assembly using Geneious Pro v8.0.2
(Biomatters Ltd., Auckland, New Zealand). On inspection, any clear instances of erroneous
assembly identifiable by low read depths or misaligned reads were manually repaired.
Assembly of the full circular plastome could not be completed in only one instance. This
occurred in the psbZ – psbM intergenic spacer (IGS) of the Streptochaeta spicata plastome
where there was no overlap of NGS reads. A reference alignment of the otherwise completely
assembled plastome of S. spicata with that of A. marantoidea indicated a missing region
estimated to be less than 1,200 bases in length. Two primers were designed from the sequence
flanking this region: Strepto114F – CCACTAAACTATACCCGCCACATC and Strepto115R –
CATAATCTCCAGCCCGTGAACTTAG. This region was PCR amplified and Sangersequenced following the methods of Dhingra and Folta (2005) as modified and described in
Burke et al., (2014). The contig assembled from two Sanger-sequenced reads (one in each
direction) substantially overlapped each other, had a minimum overlap of 450 bases with the
flanking sequence, and completely spanned the missing region. The base composition of this
region suggests a possible reason for the complete lack of read coverage. The region had an AT
composition of over 88%, much higher than the overall plastome value of 62-64%, suggesting a
procedural bias in the library preparation or sequencing techniques that relate to base
composition.
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Plastome Annotation and Analysis
Fully assembled plastomes were annotated by alignment to a previously published and
annotated plastome in Geneious Pro. For S. spicata the annotation reference was the complete
plastome of A. marantoidea (NC_014062). For the two species of Leptaspis, the annotation
reference was from Pharus latifolius (NC_021372). Reference annotations were transferred to
the new plastome when there was a minimum shared similarity of 70%. Coding sequences for
each species were examined, and adjustments were made to correctly position locus boundaries,
check for homologous pseudogenizations, preserve reading frames, and in the case of tRNAs and
rRNAs to preserve full lengths. The endpoints of the large inverted repeat (IR) were located
using the methods of Burke et al., (2012). BLASTn searches (Altschul et al., 1997) were
conducted on selected sequence regions to compare identities with banked sequences.
Phylogenomic Analyses
In this study we assembled a matrix from the three new species plus 43 other grass
species and one outgroup species for phylogenomic analyses, taking advantage of the large
number of complete plastomes available in Poaceae. This provided sampling from all
subfamilies of grasses and ensured representation among the taxa associated with fossil
calibration points for the divergence estimation analysis (see below). The 43 previously
published species of Poaceae were: Achnatherum hymenoides (GenBank accession number:
NC027464), Ampelodesmos mauritanicus (NC027466), Anomochloa marantoidea (NC014062),
Aristida purpurea (NC025228), Arundinaria gigantea (NC020341), Axonopus fissifolius
(NC030501), Brachyelytrum aristosum (NC027470), Chionochloa macra (NC025230), Chloris
barbata (NC029893), Danthonia californica (NC025232), Danthoniopsis dinteri (NC030502),

39
Dichanthelium acuminatum (NC030623), Digitaria exilis (NC024176), Distichlis bajaensis
(NC029894), D. spicata (NC029895), Elytrophorus spicatus (NC025233), Eriachne stipacea
(NC025234), Greslania sp. (KJ870993), Hakonechloa macra (NC025235), Isachne
distichophylla (NC025236), Leersia tisserantii (NC016677), Melica subulata (NC027478),
Micraira spiciforma (KJ920234), Neyraudia reynaudiana (NC024262), Olmeca reflex
(KJ870997), Olyra latifolia (KF515509), Oryza rufipogon (NC022668), Oryzopsis asperifolia
(NC027479), Otachyrium versicolor (NC030492), Paspalidium geminatum (NC030494),
Phaenosperma globosum (NC027480), Pharus lappulaceus (NC023245), Pharus latifolius
(NC021372), Piptochaetium avenaceum (NC027483), Puelia olyriformis (NC023449),
Rhynchoryza subulata (NC016718), Rottboellia cochichinesis (NC030615), Sartidia dewinteri
(NC027147), Setaria italica (KJ001642), Tenaxia guillarmodae (NC029897), Thyridolepis
xerophila (NC030616), Thysanolaena latifolia (KJ920236), and Zea mays (NC001666). The
outgroup plastome was from Joinvillea ascendens (KX035098).
The matrix of complete plastomes was aligned in Geneious Pro with the MAFFT
v6.814b plug-in (Katoh et al., 2005) using the auto function and other default settings. The
inverted repeat region “A” (IRa) was excluded from the data matrix to avoid double
representation of this large repeat. Because of the major rearrangements in the plastomes of
Poales, over 30,000 bp of total plastome sequence would be lost in a direct whole plastome
alignment of Poaceae and Joinvilleaceae. To preserve as much sequence as possible, 15 protein
coding sequences (CDS) in the gene-rich region of the LSC from atpA to psbK in both Poaceae
and Joinvillea were extracted. Note that almost all of this region is lost in a standard alignment
due to inversions. These CDS were rearranged into the same order, unambiguously aligned and
concatenated onto the end of the sequence matrix. Sites for which gaps were introduced in at

40
least one sequence by the alignments were excluded from the data matrix prior to phylogenetic
analyses to remove ambiguously aligned regions.
A second matrix containing the same taxa was created with only the CDS from ndhF and
rbcL. This was used to compare our results against a subset of older studies (BouchenakKhelladi et al., 2010; Bouchenak-Khelladi et al., 2014; Vicentini et al., 2008), which analyzed
more taxa, but with less molecular data. The two concatenated genes were aligned in Geneious
Pro with the MAFFT v6.814b plug-in. Due to the limited amount of data, the gaps introduced by
the alignment of the second matrix were not removed.
Maximum likelihood (ML) analyses (Felsenstein, 1981) were conducted with the
GTR+G+I substitution model selected by jModelTest v2.1.3 (Guindon and Gascuel, 2003;
Darriba et al., 2012) under the Akaike information criterion (Akaike, 1974) for both data
matrices. The ML analyses were implemented in RAxML-HPC2 on XSEDE v8.2.8 (Stamatakis
et al., 2008) at the CIPRES Science Gateway (Miller et al., 2010a) to determine the ML tree and
bootstrap values (ML BV). The substitution model was set to GTRGAMMA + I, bootstrapping
was halted automatically under the autoMRE function, and all other parameters were default.
Bootstrap consensus trees were generated using the Consense function of the Phylip software
package v. 3.66 (Felsenstein, 2005).
Bayesian inference (BI) analyses were performed using MrBayes on XSEDE v3.1.2
(Ronquist and Huelsenbeck, 2003) at the CIPRES Science Gateway using the same substitution
model as in RAxML (invgamma; nst = 6). Two independent MrBayes analyses were performed
with four chains and two million generations each at which point the average standard deviation
of split frequencies was < 0.0075. Other parameters were set at defaults including the burn-in
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level of 25%. Finally SH tests were used to test each data matrix and the resulting best ML
topology against that of the other data matrix.
Estimation of Divergence Times
Divergence dates were estimated on the complete matrix of aligned plastomes and the
two gene matrix. Evolutionary rate heterogeneity in grass phylogenetics is well documented
(Christin et al., 2014), guiding our choice of the uncorrelated relaxed clock model implemented
in BEAST v2.1.2 (Bouckaert et al., 2014). Parameters included the GTR substitution model with
a gamma category count of six, an estimated shape parameter with an initial value of 0.91 for the
complete matrix and 0.87 for the two gene matrix, and an estimated proportion of invariant sites
with an initial value of 0.51 for both the complete and two gene matrix. Initial values were
obtained from the ML analyses.
Relatively few of the described grass fossils are useful as calibration points either
because of uncertainties in the age or the specific taxonomic identity of the fossil. The sampling
here was designed to allow the use of eight fossil calibration points, six of which were reliably
dated and diagnosed with extant homologous species (Iles et al., 2015; Vicentini et al., 2008).
Two other fossil calibrations were also included. Jacobs and Kabuye (1987) described an
African macrofossil identified as Leptaspsis zeylanica based on the diagnostic characteristic of
secondary veins that diverge from the midvein at an acute angle (Watson and Dallwitz, 1992),
and excavated from the modern extant range. The 12.2 Ma age of the Leptaspis fossil was
obtained from K/Ar dating. Secondly, a recently described macrofossil in Myanmar amber is that
of a grass floret. The determination of this identification was based on grass spikelet
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reproductive morphology and grass-host specificity of ergot fungi. This fossil was
stratigraphically dated to 97-110 Ma (Poinar et al., 2015).
Specific information regarding the eight fossils is given (Table 1). Priors were set to
constrain relationships around the calibrated nodes in the topology generated by the ML
plastome analysis. The calibration points were implemented as uniform distributions between the
minimum age of the node, as constrained by the associated fossil, and the maximum age of the
oldest known fossil for the family (110 Ma; Poinar et al., 2015), following the general methods
of Christin et al., (2014). Each BEAST analysis was conducted on the CIPRES Science Gateway
for 40 million generations, logging at every 10,000 trees. Convergence was assessed with Tracer
v1.6 (Rambaut et al., 2014). Trees were summarized with TreeAnnotator (Bouckaert et al., 2014)
using a burn-in value of 25%. The complete plastome tree file was then imported into R (R Core
Team, 2015) using the read.beast function in PHYLOCH (Heibl, 2008) to import the BEAST
tree, and then visualized using the geoscalePhylo function in Strap (Bell and Llyod, 2014).
Results
Plastome Features
GenBank accession numbers for complete plastome sequences of Streptochaeta spicata,
Leptaspis banksii, and L. zeylanica are KU666544 – KU666546, respectively. The two different
methods of library preparation produced sequence files ranging from 7.1 - 12.3 million reads per
species. De novo assemblies produced a mean of 2 - 14 contigs per plastome with minimum
mean coverage of 44.7. Numbers of reads, assembled contigs and mean coverage values for
each plastome are reported (Appendix B: Supplemental 6). These are among the longest grass
plastomes sequenced to date ranging from 141,811 – 148,609 bp in length (Appendix B:
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Table 1
Information for calibration points used for the divergence estimation analysis.
Figure

Fossil

Letter

Fossil type/

Age/Lower Assigned nodea

Evidence

Bound

Citation

(Ma)
A

B

Spikelet clade,

Spikelet in

unspecified

amber

Oryzeae

Phytoliths
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Spikelet clade

Poinar et
al., (2015)

66

Oryzoideae

Prasad et
al., (2011)

C

Stipa florissanti

Fruits

34

Stem node

MacGinitie

Stipeae/

(1953)

Amplodesmeae
D

Leersia

Inflorescence

30

seifhennersdorfensis
E

Distichlis sp.

Leaf fragments

14

(Leersia,

Walther

Oryza)

(1974)

(D. spicata, D.

Dugas and

bajaensis)

Retallack
(1993)

F

Leptaspis cf.

Leaf fragments

12

zeylanica

(L. banksii, L.

Jacobs and

zeylanica)

Kabuye
(1987)

(Continued on following page)
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Table 1 (continued)

G

Dichanthelium

Fertile lemmas

8

and paleas
H

a

Setaria

“Seeds”

All assigned nodes are crown nodes.

7

(Dichanthelium, Thomasson
Thyridolepis)

(1978)

(Setaria,

Elias

Paspalidium)

(1942)
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Supplemental 6). The overall structure in the newly sequenced plastomes was highly conserved
and largely reflected the gene content, intron-exon structure, and gene order of the plastomes of
other grasses. Within this conserved framework, RGC previously reported in the plastomes of
Anomochloa marantoidea by Morris and Duvall (2010) and Pharus spp. by Jones et al., (2014)
could now be reinvestigated to determine their degree of conservation. To this end, four specific
regions were examined in the plastome of Streptochaeta spicata. 1) In the trnN(GUU) – rps15
intergenic spacer (IGS) of S. spicata a sequence of approximately 840 bases with a minimum
nucleotide identity of 70% to ycf1 of non-grass plant species was observed. An approximately
300 bp portion of this region was 96% identical to the ψycf1 locus of A. marantoidea. 2) In the
rpl23 – trnL(CAA) IGS there is a region of 800 bases with a 97% nucleotide identity to the
ψycf2 locus of A. marantoidea. 3) The rbcL – psaI IGS of S. spicata is 1,967 bases in length and
contains a full length ψrpl23 sequence of 108 bases, which is 96% identical to that of Puelia
olyriformis. 4) The plastid rpoC1 locus in S. spicata has an intron of 753 bases, which is 89%
identical to that found in the plastome of A. marantoidea.
Five additional regions were investigated in the plastomes obtained from the two species
of Leptaspis: 1) The rpl33 locus in both species begins with a typical start codon, which is in
frame with a downstream TAG stop codon and is a full length coding sequence of 201 bases. 2)
Similarly, the rps18 locus in both species begins with a typical start codon, which is in frame
with a TGA stop codon and is 528 bases in length. So the rpl33 and rps18 loci exhibited
characteristics of fully functional genes in these species. 3) The rpoC1 loci of both species were
co-linear with homologous loci in all grasses sequenced to date excluding species of
Anomochlooideae. In other words, there was no evidence of the intron in these loci. 4) A 21 base
insertion was found in the rps19 loci of both species, which precedes the last two codons in the
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sequence, in the same position as in the two species of Pharus. The insertion differed by two
substitutions between the two species of Leptaspis (ACGACGAGATTTMGTATCSTT). 5) The
atpB-rbcL IGS of both species contained an inversion of 73 bases, which had 92.3% identity
with the same inverted region in the two species of Pharus, and was five bases shorter. The
length difference was due to a tandem repeat indel of TTCTA. This inverted region had 89.6%
identity with the corresponding sequence region of Puelia olyriformis, which was not inverted.
Phylogenomic Analyses
The plastome alignment length for the 47 species included 81,039 nucleotide sites. This
was after removal of the IRa, the addition of all coding sequences from atpA to psbK, and then
removing all sites with at least one gap introduced by the alignment. The exclusion of gapped
sites removed inversions, other microstructural changes, and ambiguously aligned portions of the
plastomes. The aligned data matrix and associated tree file is available at the TreeBase repository
(http://purl.org/phylo/treebase/phylows/study/TB2:S18781).
For the plastome ML analysis, a tree was produced with a -lnL = 386488.14 (Appendix
B: Supplemental 7). ML bootstrap values were 100% for all but two nodes, both of which were
in the CGC: 1) An internal node in the PACMAD grasses uniting the group that was sister to the
two species of Aristidoideae (ML BV = 52%). 2) A node uniting three species of Pooideae:
Ampelodesmos mauritanicus, Oryzopsis asperifolia, and Piptochaetium avenaceum (ML BV =
92%).The BI analysis produced a tree (Appendix B: Supplemental 8) that was topologically
identical to the ML tree. In the BI analysis, all posterior probability (PP) values were at
maximum (PP = 1.0) except for the first node specified above for the ML analysis, which had an
associated PP = 0.92.
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The two gene alignment had a length of 3,753 bp and included the same 47 species from
the full plastome alignment. The resulting ML analysis produced a tree with a –lnL = -21575.34
(Appendix B: Supplemental 9). The BI analysis produced a tree (Appendix B: Supplemental 10)
with a similar topology. The one difference between the two trees was the location of Digitaria
exilis, in Panicoideae (Appendix B: Supplemental 9 and Supplemental 10). In both analyses, the
PACMAD clade was resolved with maximum support as monophyletic but the BOP was not.
The BOP clade was polyphyletic with Bambusoideae diverging first followed by Oryzoideae and
finally Pooideae. In general, support values for the nodes of the two-gene trees were lower than
those of the respective complete plastome analysis. The mean BV for the complete plastome ML
tree was 98.76% and that for the two-gene ML tree was only 88.56%.
Relationships within and between subfamilies of the CGC have been described in other
plastome phylogenomic studies (Cotton et al., 2015; Duvall et al., 2016; Saarela et al., 2015; Wu
and Ge, 2012; Wysocki et al., 2015). The phylogenomic results reported here will emphasize
relationships among the two deeply diverging subfamilies, Anomochlooideae, and Pharoideae.
The two species in Anomochlooideae were recovered as monophyletic, with maximum values in
complete plastome analyses (ML BV = 100; PP = 1.0), and with high support in the two gene
analysis (ML BV =96; PP = 1.0). The four species of Pharoideae as a group were monophyletic
with maximum support values (ML BV = 100; PP = 1.0) and Pharus and Leptaspis, with two
species each, were also monophyletic with high support values (complete plastome: ML BV =
100; PP = 1.0; two gene: ML BV = 99; PP = 1.0). The six species in these two subfamilies were
separated from the remaining grasses (Puelia olyriformis + CGC) by an internal branch in the
ML tree with a length = 0.012 for the complete plastome and length =0.021 for the two gene
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analysis. The branch subtending the four species of Pharoideae was of length = 0.009 for
plastome matrix and a length = 0.017 for two gene matrix (Figure 3).
Finally the SH test for the plastome matrix returned a significant result (p < 0.001) for the
difference in the negative log likelihood for the two gene tree. The SH test for the two gene
matrix did not return a significant result (p = 0.191) for the difference in the negative log
likelihood compared to the complete plastome tree.
Divergence Time Estimation
Two sets of somewhat different divergence estimations were obtained depending on the
data matrix used. In the following, estimated times will be rounded to the nearest whole
numbers, and the estimate obtained with the full data matrix will be listed first. For the 95%
HPD intervals, the reader is referred to Table 2. The divergence times estimated for the deep
branching events in Poaceae are of particular interest here. The estimated divergence of the
spikelet clade from Anomochlooideae was 99 (101) Ma. Within Pharoideae, the two genera
diverged from each other at estimated times of 40 (38) Ma. The two species of Leptaspsis had
an estimated divergence of 27 (17) Ma while those of the two species of Pharus were more
recent at 12 (16) Ma. Within Anomochlooideae, Anomochloa was estimated to have diverged
from Streptochaeta at 69 (70) Ma.
Discussion
Plastome phylogenomic studies of the deeply diverging lineages of grasses require a
suitable outgroup so that the deep topology can be determined and divergence times
estimated. To date, there has been only one plastome-scale study of grasses and their outgroups,
which was restricted to the analysis of CDS (Givnish et al., 2010). While interesting, this study
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Figure 3:
Maximum likelihood phylogram inferred from 47 complete plastomes. Branch
lengths are proportional to the number of substitutions per site along the branch and are indicated
on the branches. Newly sequenced species of Anomochlooideae and Pharoideae are emphasized
with a larger font. The crown grass clade (CGC) and spikelet clades are indicated. Note that the
BI analysis produced a topology that was identical to the ML topology. All depicted nodes are
supported with 100% ML bootstrap values and PP = 1.0. The orange highlight indicates a New
World modern distribution, while the blue indicates an Old World modern distribution. Numbers
in circles identify six RGCs denoted as: 1 = large ψycf1 and ψycf2; 2 = loss of rpoC1 intron; 3 =
rps19 insertion; 4 = atpB-rbcL IGS 75 base inversion; 5 = loss of ψrpl23; and 6 = ψrpl33 +
ψrps18 dual pseudogenization.

Table 2

Estimated divergence times for crown nodes together with the 95% highest posterior density (HPD) interval limits.

With Full Plastome data set

With Two Gene data set

BiStigmatic

Spikelet

Pharoideae

Leptaspis

Pharus

Anomochlooideae

Clade

Clade

Mean

90.87

98.90

40.43

26.93

12.31

68.67

95% HPD Upper

103.56

107.47

83.99

62.05

32.26

101.51

95% HPD Lower

81.70

88.01

15.83

12.10

1.04

28.20

Mean

90.26

101.08

37.59

17.04

16.3

69.71

95% HPD Upper

97.45

106.66

61.76

26.35

31.12

100.37

95% HPD Lower

82.62

94.17

19.45

12.1

4.92

36.82
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was limited in term of total phylogenetic information and potentially affected by artifacts due to
selection.
The history of multiple inversions in the plastome has caused major rearrangements
across the Poales. Further complicating this history have been reinversions of partially
overlapping segments, which restore the original order of some sets of loci, but leave other sets
inverted so that the plastome becomes a complex and fragmented molecular mosaic. These
rearrangements have hampered attempts to sequence complete plastomes of non-grass Poales. So
until very recently there were no complete plastome sequences from families that are among the
sister lineages to Poaceae to serve as an outgroup. The sequencing of a plastome from a species
of Joinvilleaceae by Wysocki et al., (2016) presents an opportunity to further explore the
divergence of deeply diverging lineages of grasses. Our approach here allows the use of
complete IR and SSC region sequences and the portions of the LSC region that remain unaltered.
Gaps that occurred due to the alignment were removed, and 15 ungapped coding sequences that
were found in inverted regions were concatenated onto the remaining plastome data and
realigned unambiguously preserving as much phylogenomic information as possible.
Plastome Features
Determining the taxonomic extent of RGCs is valuable for the verification of
branchpoints in phylogenies (Figure 3). Four previously described RGCs (Jones et al., 2014;
Morris and Duvall, 2010) were found to be shared with other deeply diverging taxa. 1) The
unusually large ψycf1 and ψycf2 loci previously found in A. marantoidea were found to be
largely shared with similar loci in Streptochaeta spicata. Some interspecific differences between
these loci were suggestive of degradation of the two pseudogenes along independent
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evolutionary paths after the two genera diverged, which we estimate at 69 (70) Ma. 2) The
rpoC1 intron, which is found in Joinvilleaceae and other nongrasses, is missing from almost all
Poaceae. The rpoC1 intron was not found in the two species of Leptaspis analyzed here, but was
present in S. spicata as suggested by a previous, unconfirmed observation (see Morris and
Duvall, 2010). This means that both genera of Anomochlooideae have a species with this
atypical characteristic that has been found in no other Poaceae to date and suggests that loss of
the intron is a synapomorphy for the spikelet clade, but not the entire grass family. 3) A 21 base
tandem repeat insertion in the coding sequence of rps19, which was originally described in two
species of Pharus, is also found in two species of Leptaspis, suggesting that this repeat arose in a
common ancestor. If Scrotochloa, the only other genus in Pharoideae, is sister to Leptaspis, as
suggested by biogeography and reproductive morphology, then the rps19 insertion is likely
common across the subfamily. However, if Scrotochloa is sister to the remaining pharoid
species, then this is not necessarily the case. At this writing there are no banked sequences from
Scrotochloa. Further exploration of rps19 loci in Scrotochloa and other species of Leptaspis and
Pharus would determine the full extent of this rps19 mutation. 4) An approximately 75 base
inversion in the atpB-rbcL IGS was shared by the four species of Pharoideae. A two base
inverted repeat sequence flanked the inversion, suggesting that the inversion forms the loop of a
stem-loop structure.
Two RGCs were found to be restricted in taxonomic distribution to their original
observed sampling. 1) In most Poaceae, the rbcL – psaI IGS is considered to be a hotspot for
mutation. This IGS contains ψrpl23, which is the hypothetical descendant of a non-reciprocal
translocation of the functional rpl23 locus from one of the IR regions (Katayama and Ogihara,
1996). The unusually short rbcL – psaI IGS of A. marantoidea was not shared with S. spicata or
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other species. Moreover, the latter species had a normal length ψrpl23 sequence. These
observations suggest that this RGC is due to one or more autapomorphic deletions in A.
marantoidea. 2) Jones et al., (2014) discovered simultaneous pseudogenizations in two loci,
rpl33 and rps18, which adjoin the same IGS and are found in two species of Pharus. The
coincidental nature of the event that affected two adjacent loci suggested a common underlying
cause, in this case probably one or more deletions. These observations in Pharus are unlikely to
be due to sequencing method artifacts as the P. latifolius plastome was Sanger-sequenced while
that of P. lappulaceus was sequenced with NGS methods. The rpl33 and rps18 loci in the two
species of Leptaspis had typical start and stop signals in typical length reading frames. The
apparently simultaneous pseudogenization of these two loci in the two species of Pharus is not a
RGC that characterizes the entire Pharoideae and may actually be restricted to some subset of
congeneric species in Pharus.
Phylogenomics and Divergence Estimation
Our plastome phylogenomic analyses with moderate taxon sampling typically show a
high ratio of informative characters per node in phylogenetic trees and high bootstrap support
values in grass phylogenies. The relatively long internal branches obtained in the deep phylogeny
are suggestive of: 1) elevated substitution rates (Christin et al., 2014), 2) persistence through a
long period, or 3) undocumented extinctions in the early history of the family. These are not
mutually exclusive events and all may have contributed to the distribution of branch lengths in
the deep topology of Poaceae. Our divergence estimation analyses incorporate three new
aspects. 1) Our use of complete coding and noncoding plastome sequences more fully represents
the historical signal in the plastid chromosome. Lower support values were observed in the two
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gene analysis compared to the whole plastome analysis, especially for more recent lineages in
the CGC. The topological details of CGC lineages is beyond the scope of this study, but there
was congruency and uniformly strong support observed for the deep branches in analyses of both
matrices. (Figure 3). The spikelet clade (Pharoideae + Puelia + CGC) was resolved here as
monophyletic as in previous studies (e.g. Grass Phylogeny Working Group [GPWG I], 2001).
Our estimated date of divergence of 99 (101) Ma for the spikelet clade predates other such
estimates: ~93 Ma (Bouchenak-Khelladi et al., 2010), ~82 Ma (Prasad et al., 2005), 76 Ma
(Jones et al., 2014), and 66 Ma (Vicentini et al., 2008). Similarly, our estimate for the
divergence of the bistigmatic clade (Puelia + CGC) of 91 (90) Ma is older than other estimates:
~80 Ma (Prasad et al., 2005), 67 Ma (Jones et al., 2014), and 56 Ma (Vicentini et al., 2008).
While the divergence dates estimated from both the two gene and whole plastome data are
similar, we suggest that some estimates are an artifact of using the limited subset of protein CDS.
For example in the two gene analysis the divergence of Pharoideae and the species within
Leptaspis and Pharus are estimated at 37, 17 and 16 Ma, respectively, while the complete
plastome analysis recovered dates of 40, 26, and 12 Ma (Figure 4; Table 2). While the two
estimated dates for Pharoideae were similar, the divergence of the species within each genus
differed. This is most likely due to the lack of phylogenetic information of these two CDS
(pairwise similarity in Pharoideae: 98.5%, Leptaspis: 99.4%, Pharus: 98.9%) when compared to
the more variable and informative complete plastome sequences (Pharoideae: 95.2%, Leptaspis:
97.1%, Pharus: 98.7%). 2) Our analysis has a somewhat more complete representation of species
among the deeply diverging grasses and at the same time includes an outgroup J. ascendens. 3)
We also chose new fossil calibration points. The recently described grass macrofossil (Poinar et
al., 2015) predates other fossils attributed to grasses yet is consistent in age with the
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Figure 4:
Chronogram determined from divergence date estimation analysis using the
complete plastome and the same species included in the tree of Fig. 1. Branch lengths are
proportional to the amount of time since divergence, as indicated on the scale at the bottom of
the figure. Fossil calibration nodes are represented with letters (see Table 1). Bars illustrate the
95% HPD interval for clades of interest. Newly sequenced taxa are in bold.
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diversification of grasses suggested by Indian phytolith fossils (Prasad et al., 2005; 2011). We
also use the 12 Ma African macrofossil identified as L. zeylanica (Jacobs and Kabuye, 1987) as a
lower bound for the divergence of the two species of Leptaspis. These fossils better calibrate an
analysis of early diverging species.
The Anomochlooideae was recovered as monophyletic, with similar divergence dates
from both analyses: 69 (70) Ma. The previously estimated dates of divergence for
Anomochlooideae have been wide-ranging [~76 Ma (Bouchenak-Khelladi et al., 2010), <10 Ma
(Prasad et al., 2005), 65-104 Ma (Jones et al., 2014), and ~57 Ma (Vicentini et al., 2008)]. Our
estimate is comparable to that of Bouchenak-Khelladi et al., 2010. While their study did not
analyze complete plastomes, it did include an older calibration, 90 Ma, for the minimum age of
the crown group grass. This value was derived from other molecular estimates. Now there is
fossil evidence that corroborates a similar age for the divergence of the oldest lineages of
Poaceae.
The four species representing the pharoid subfamily formed a monophyletic group.
Pharus and Leptaspis were reciprocally monophyletic, which is consistent with their allopatric
distributions. The difference in age of divergences of the species of Pharus and Leptaspis
suggests a scenario of historical biogeography. Poaceae likely originated in the Old World, as
indicated by the location of the oldest grass macrofossil in Myanmar (Poinar et al., 2015) and the
oldest grass phytoliths in India (Prasad et al., 2005). The deep divergence of Pharoideae in the
grass phylogeny and the modern distributions of Leptaspis and Scrotochloa in the paleotropics
suggests an Old World origin for the subfamily. All modern species of Pharus are neotropical,
suggesting long-distance dispersal of the ancestor of this genus prior to its diversification. More
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recent divergences of the species of Pharus after dispersal to the New World is consistent with
this scenario.
Our age estimate for Pharoideae suggests an origin at 40 (38) Ma, consistent with its
long-term persistence as an independent lineage and/or the extinction of species on the branch
leading to the Pharoideae. Other age estimates for this subfamily range from 44 – 71 Ma
(Bremer 2002; Jones et al., 2014). However, our age estimates for Pharoideae are the first, to our
knowledge, to include molecular data from species of Leptaspis.

Conclusions
The addition of new plastome sequences from two species of Leptaspis and one from
Streptochaeta and the use of a recently sequenced outgroup plastome from J. ascendens allowed
us to determine a more complete picture of the molecular evolution and ages of the deeply
diverging subfamily lineages of Poaceae. During this early evolutionary period, RGCs
accumulated in the plastomes so that they distinctly mark the divergences of Pharoideae and
Anomochlooideae. Improved knowledge of the paleontological history of Poaceae and further
molecular studies that incorporate nuclear phylogenomic data will continue to refine our
knowledge of the early evolutionary events in this family.
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CHAPTER 4 —INVESTIGATION OF MITOCHONDRIAL-DERIVED PLASTOME
SEQUENCES IN THE PASPALUM LINEAGE (PANICOIDEAE; POACEAE)
Abstract
Background: The grass family (Poaceae), ca. 12075 species, is a focal point of many recent
studies that aim to use complete plastomes to reveal and strengthen relationships within the
family. The use of Next Generation Sequencing technology has revealed intricate details in many
Poaceae plastomes; specifically the trnI - trnL intergenic spacer region. This study investigates
this region and the putative mitochondrial inserts within it in complete plastomes of Paspalum
and other Poaceae.
Results: Nine newly sequenced plastomes, seven of which contain an insert within the trnI - trnL
intergenic spacer, were combined into plastome phylogenomic and divergence date analyses with
52 other species. A robust Paspalum topology was recovered, originating at 10.6 Ma, with the
insert arising at 8.7 Ma. The alignment of the insert across Paspalum reveals 21 subregions with
pairwise homology in 19. In an analysis of emergent self-organizing maps of tetranucleotide
frequencies, the Paspalum insert grouped with mitochondrial DNA.
Conclusions: A hypothetical ancestral insert, 17685 bp in size, was found in the trnI - trnL
intergenic spacer for the Paspalum lineage. A different insert, 2808 bp, was found in the same
region for Paraneurachne muelleri. Seven different intrastrand deletion events were found
This chapter was previously published as Burke, S. V., Ungerer, M. and Duvall M. R. Investigation of
mitochondrial-derived plastome sequences in the Pasaplum lineage (Paicoideae; Poaceae). BMC Plant Biology, in
review. It is reprinted by permission of the first author of the paper, who holds the copyrights.

59
within the Paspalum lineage, suggesting selective pressures to remove large portions of
noncoding DNA. Finally, a tetranucleotide frequency analysis was used to determine that the
origin of the insert in the Paspalum lineage is mitochondrial DNA.
Introduction
The grass family (Poaceae) comprises 12 subfamilies containing ca. 12075 species (Judd
et al., 2016). Recent studies have delved into the phylogenomic framework of Poaceae using
complete plastid genomes (plastomes) as a genomic marker; many of which have obtained
plastomes by means of Next Generation Sequencing (NGS) methods. NGS technology has
allowed for more extensive and deeper sampling within the grass subfamilies (Burke et al., 2014;
2016a; 2016b; Cotton et al., 2015; Duvall et al., 2016; 2017; Jones et al., 2014; Ma et al., 2015;
Piot et al., 2017; Saarela et al., 2015; Teisher et al., 2017; Wu and Ge, 2012; Wysocki et al.,
2015; Zhang et al., 2011), tribes (Arthan et al., 2017; Attigala et al., 2016; Besnard et al., 2013;
Washburn et al., 2015) and even genera (Alloteropsis: Lundgren et al., 2015; Olofsson et al.,
2016; Zea: Orton et al., 2017). This in-depth sampling strategy has allowed researchers to
discover unique features of poaceous plastomes.
One such feature is the transfer of mitochondrial DNA (mtDNA) to plastome DNA
(ptDNA). This type of mutational event was originally thought to be nonexistent or extremely
rare (Rice and Palmer, 2006; Richardson and Paler, 2006; Smith, 2014). The first reported case
of mtDNA transfer to ptDNA was discovered in Daucus carota (Goremykin et al., 2009) and
then a second discovery in Asclepias syriaca (Straub et al., 2013). With both discoveries
occurring within eudicots, it was not until Wysocki et al. (2015), that mtDNA to ptDNA transfers
were found in monocots.
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The first discovery in monocots implicated transfers in two bamboos, Eremitis sp. and
Pariana radiciflora, from the same subtribe, Parianinae. The inserts within Eremitis sp. and
Pariana radiciflora were roughly 5 kilobase pairs (kbp) and 2.7 kbp, respectively, and with
highly similar sequence for a 2.7 kbp section (Wysocki et al., 2015). This was later expanded
with the inclusion of two more Parianinae, Pariana sp. and P. campestris (Ma et al., 2015),
which also contained homologous inserts in the same region, the trnI - trnL intergenic spacer
(IGS). While there have been other discoveries of mtDNA in ptDNA inserts found in grasses
(Triticum monococcum: Saarela et al., 2015) and other eudicots (Lavandula angustifolia,
Orobanche californica, Scutellaria baicalensis: Gandini and Sanchez-Puerta, 2017), the
placement of the insert within the trnI - trnL IGS has been of special interest.
The authors of a recent study (Burke et al., 2016a) investigated this region, and found
putative mtDNA inserts within the trnI - trnL IGS in two species of Paspalum. These inserts
contained no similarity to each other, nor any similarity to the species of Parianinae in the same
region. Their conclusions were either that multiple inserts within Paspalum arose independently
of each other or that the two events were portions of a larger insert. If a mechanism for such
intercompartmental DNA transfers were known, the taxonomic distribution of such events might
be more evident. However, no such mechanism has been found (Smith, 2014). This study will
build on the previous study of Burke et al. (2016a), by increased sampling of species in
Paspalum, to determine the origin, mechanism and timing of the insertions found in plastomes of
Paspalum.
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Methods
Sampling
Species of Paspalum from another study (Scataglini et al., 2014) that were found to be closely
related to those with and without the mtDNA inserts (Burke et al., 2016a) were selected for
further analysis in this paper. Based on these criteria, eight new Paspalum plastomes (Table 3)
were selected to be sequenced, adding to the three that were previously published. Taxa outside
of Paspalum were selected to accommodate the available fossils within Poaceae (Burke et al.,
2016b). Thus the analysis consists of the nine new plastomes, eight Paspalum species and
Paraneurachne muelleri, and 45 other Poaceae plastomes from all subfamilies, which includes
taxa for the divergence date analysis. The sampling also includes taxa in which mtDNA was
found in the plastome, whether it is located in the trnI–trnL region (Parianinae: Ma et al., 2015;
Wysocki et al., 2015) or in other regions (Triticum: Saarela et al., 2015).
Extraction and Library Preparation
DNA extractions from species of Paspalum were performed on young green leaf material
dried in silica or herbarium specimens using the DNeasy Plant Mini kit (Qiagen, Valencia, CA,
USA) according to the manufacturer’s instructions after a liquid nitrogen homogenization step.
Samples were then prepared for NGS using the Illumina Nextera protocol. DNA samples were
diluted to 2.5 ng/ul (50 ng total) and paired-end libraries were prepared using the Nextera DNA
Sample Preparation kit. All libraries were sequenced at the core DNA facility at Iowa State
University (Ames, Iowa, USA) on an Illumina HiSEq 3000. The sequence reads, from Washburn
et al. (2015), for Paspalum simplex (SRR2162764), Paspalum vaginatum (SRR2163016), and
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Table 3
Insert size, IR size, and plastome size of Paspalum species and Paraneurachne muelleri with
their vouchers and Genbank accession numbers. Newly sequenced plastomes are in bold.

a

Taxa

Insert Size
(bp)

IR Size
(bp)

Plastome Size
(bp)

Vouchera

Accession

Paraneurachne
muelleri

2808

22774

140886

Washburn et
al., 2015

MG524000

Paspalum
dilatatum

976

21022

135950

Burke et al.,
2016

NC_030614

P. fimbriatum

2914

23711

140804

Burke et al.,
2016

NC_030495

P. glaziovii

0

22769

139255

Burke et al.,
2016

NC_030496

P. inaequivalve

0

22783

140312

PI 508769

MG524001

P. ionanthum

11393

34039

162086

PI 404449

MG524002

P. juergensii

1012

21968

137513

PI 508779

MG523994

P. minus

6500

29160

152184

PI 404465

MG523995

P. pubiflorum

10619

31803

157521

PI 304147

MG523996

P. simplex

3678

24848

143254

Washburn et
al., 2015

MG523997

P. vaginatum

0

22777

140451

Washburn et
al., 2015

MG523998

P. virgatum

3204

24396

142796

PI 364978

MG523999

PI = Plant Introduction number, U.S. National Plant Germplasm System (https://www.arsgrin.gov/npgs/)
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Paraneurachne muelleri (SRR2163452) were retrieved from the SRA archive at NCBI
(https://www.ncbi.nlm.nih.gov/sra) for whole plastome assembly.
NGS Plastome Assembly, Verification and Annotation
Illumina and SRA reads were filtered and assembled following the methods of Burke et
al. (2016a). Reads of low quality were removed at default settings (DynamicTrim, SolexaQA++;
Cox et al., 2010), excising adapters that were still attached to the reads (CutAdapt; Martin, 2011)
and then the discarding of any read less than 25 base pairs (bp) long (LengthSort, SolexaQA++;
Cox et al., 2010). SPAdes v3.6.1 (Bankevich et al., 2012) was used for de novo assembly with kmers set from 19–73 bp with intervals of six. CD-Hit v4.6 (Li and Godzik, 2006) removed
redundant sequences from the contig file. ACRE (Wysocki et al., 2014) was used to scaffold
contigs together.
ACRE scaffolds and clean reads were imported into Geneious Pro v9.1.6 (Kearse et al.,
2012). For each new accession, a closely related reference plastome, banked at NCBI, was
chosen. The scaffolded contigs were then aligned to the reference plastome using the MAFFT
v7.222 (Katoh and Standley, 2013) plugin in Geneious. The gaps between the contigs were
closed by using the map to reference function in Geneious to in silico genome walk (Burke et al.,
2016a). A final verification of each plastome was performed by mapping the reads to the
finalized plastome and manual adjustments were made when incongruences between the reads
and the plastome occurred.
Verified plastome accessions were then pairwise aligned to their reference plastome, and
annotations were applied using the transfer annotation feature in Geneious Pro. Coding sequence
boundaries were inspected and manually adjusted to preserve reading frames. The inverted
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repeats (IRs) were located using the methods of Burke et al. (2012). BLASTn (Altschul et al.,
1997) was used to locate IR boundaries by aligning the new plastome to itself, and looking for
segments in which the orientation of the reads transition from plus/plus to plus/minus. These
boundaries were then flagged using the motif feature in Geneious Pro, and annotations for the IR
were made.
Phylogenomic Analyses and Divergence Date Estimation
A 61 taxa matrix of Poaceae plastid DNA (ptDNA) was assembled containing nine new
plastomes and 11 Paspalum species overall. An alignment of these 61 complete plastomes,
excluding one IR copy, was created using the MAFFT v7.222 (Katoh and Standley, 2013) plugin
in Geneious Pro, with default settings.
The trnI–trnL regions from species of Paspalum were extracted from the MAFFT
alignment and manually aligned. This alignment was manually examined for shared or unique
rare genomic changes and sequences with unexpected homologies were identified by BLASTn
searches. Manual searches were also performed in this region to find sequence evidence for
molecular mechanisms indicative of insertions, deletions, or site-specific recombinations. Such
searches were also conducted on all pairwise alignments (55, total) of the trnI - trnL insert region
of Paspalum spp. In particular, the presence of tandem repeats, dispersed repeats, and inverted
repeats was investigated. Intermediate results suggested the presence of significantly placed
dispersed repeats in the trnI – trnL insert region. Dispersed repeats were localized to endpoints of
subregions of the trnI - trnL insert region via the motif search option in the Annotate and Predict
menu in the sequence viewer of Geneious Pro. Searches were conducted from a minimum
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sequence length of five bp for dispersed repeats that mediate intrastrand deletions as suggested
by Graur et al. (2016).
Prior to plastome phylogenomic analyses of the 61 taxon matrix, any gaps that were
produced by the alignment were then stripped from the matrix. A model for the stripped
nucleotide alignment was selected using jModelTest v2.1.10 (Darriba et al., 2012), and the
GTR+I+G model was selected under the Akaike information criterion (Akaike, 1974). Maximum
Likelihood (ML) and Bayesian MC3 Inference (BI) analyses were conducted on the alignment.
The ML analysis was done via RAxML-HPC2 on XSEDE v8.2.9 (Stamatakis, 2014) on the
CIPRES Science Gateway (Miller et al., 2010a). The number of bootstrap replicates was set to
1000, and all other parameters were set to default. The BI analysis used MrBayes on XSEDE
v3.2.3 (Ronquist et al., 2012) at the CIPRES Science Gateway. Settings for two independent
analyses with four chains of twenty million generations each were specified with the default
burn-in value of 25%. The model was set to “invgamma” and “nst=6”, with all other parameters
at default.
An estimation of divergence times was performed on the 61 taxa stripped alignment with
one IR in BEAST v2.4.3 (Bouckaert et al., 2014). Parameters included an uncorrelated relaxed
clock model (Christin et al,. 2014), a GTR substitution model with a gamma category count of
six, an estimated shape parameter of 0.92 and an initial value of 0.52 for estimated proportion of
invariant sites. Initial values for the shape parameter and proportion of invariant sites were
obtained from the ML analysis.
The seven fossils that were chosen as calibration points are based on the recent use in
divergence date analyses (Burke et al., 2016b) and are reliably dated and confidently associated
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with extant homologous species (Iles et al., 2015; Poinar et al., 2015; Vicentini et al., 2008). The
specifics of these fossils are given (Appendix C: Supplemental 11). The fossil calibrations were
placed on the assigned nodes (Appendix C: Supplemental 11) with the minimum node age set to
the stratigraphic or radiometric date of the fossil and the maximum age set to the oldest known
fossil in Poaceae (110 Ma; Poinar et al., 2015), generally following the methods of Christin et al.
(2014).
The BEAST analysis was conducted on the CIPRES Science Gateway for 40 million
generations, logging at every 10,000 trees. Tracer v1.6 (Rambaut et al., 2014) was used to assess
convergence. TreeAnnotator (Rambaut and Drummond; 2014) was used to summarize the trees
with a burn-in value of 25%. The plastome chronogram, with support values, was then visualized
with the packages “strap” (Bell and Lloyd, 2014) and “ips” (Heibl, 2008) in R (R Core Team,
2017; Figure 5).
Tetramer Identity Analysis
The contigs assembled in SPAdes for Paspalum were filtered in BLASTn at default
parameters with a database containing the 11 published complete mitochondrial sequences from
Poaceae (NC_007579.1, NC_008362.1, NC_011033.1, NC_007886.1, NC_007982.1,
NC_029816.1, NC_013816.1, NC_008360.1, NC_008333.1, NC_008332.1, and NC_008331.1).
The contigs, which showed high mitochondrial identity, were extracted using the BBmap
“filterbyname.sh” executable script (Bushnell, 2016). Five partitions were binned using BinningMaster (Dick et al., 2009) to determine tetramer identity with a sliding window of four
nucleotides, advancing by one, for the Large Single Copy (LSC), Small Single Copy (SSC), IR
without the insert, mitochondrial contigs retrieved from BLASTn filtering, and the Paspalum
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Figure 5:
Chronogram of Poaceae species with support values (ML / BI) for nodes that did
not recover maximum support. All other nodes are maximally supported. Highlighted branches
depict different taxonomic groups with similar inserts in the trnI - trnL IGS. Letters in the
Paspalum lineage designate IDEs (Table 2).
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inserts in the IR. Files were then imported into Emergent Self-Organizing Maps (ESOM)
software (Ultsch and Mörchen, 2005) to visualize the tetramers for each partition. Training was
performed with the K-Batch algorithm of 20 epochs, with a starting radius of 50 and the
dimensions of a 150 x 150 plot. The other parameters were set to default.
In contrast to pairwise comparisons, the ESOM method provides a more thorough and
precise estimate of insert origin. The ESOM method statistically groups tetrameric sequence
regions and determines if they have similar identities. Our hypothesis is as follows. If the
Paspalum inserts were of plastid origin, then the tetramers would display strong elevation
boundaries around other plastid regions: LSC, SSC and IR; otherwise they would be distributed
among the mitochondrial sequences.
Results
Plastome Features
GenBank accession numbers were obtained for the nine new complete plastomes in this
study (Table 3). Not including the trnI-trnL IGS insert regions of the 11 Paspalum species, the
overall pairwise identity was 98.3%, while the manually aligned trnI-trnL IGS insert region was
28.6% identical, due to the large number of gapped positions. The inserts in Paspalum ranged
from 976 bp in P. dilatatum to 11393 bp in P. ionanthum. Due to the length of this insert, P.
ionanthum is now the longest known Poaceae plastome at 162086 bp. Other notable indels in the
species of Paspalum were a 776 bp deletion in the psbE-petL IGS in all Paspalum except for P.
inaequivalve and P. vaginatum. All Paspaleae shared a 222 bp deletion in the petA-psbJ IGS.
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Based on the manual alignment, 21 separate subregions in the trnI-trnL IGS insert were
identified. Of these, 19 shared homology between two or more Paspalum species, and the other
two, found in P. publiforum at 1878 bp and P. ionanthum at 3146 bp in length respectively, were
unique to only those species. This was visualized (Figure 6) using the function “geom_linerange”
in ggplot2 (Wickham, 2009) with the use of “select” and “gather” functions in tidyverse
(Wickham, 2017) to coerce the data, in the R statistical suite. Based on extensive searches of
annotated regions, seven pairs of dispersed repeats were identified that immediately flanked
presumed intrastrand deletion events (IDE). The size of the dispersed repeats ranged from 8 – 17
bp, and the deleted regions based on the alignment ranged from 112 bp, “IDE G,” to 18645 bp,
“IDE E” (Table 4). Note that since excisions via intrastrand deletion, which are mediated by
recombination between repeats, eliminates one copy of the repeat in any given species, the
existence of dispersed repeats was only identified when comparing homologous plastome
regions between Paspalum sp. Finally, a BLASTn search of the concatenated Paspalum insert
sequence representing the progenitor insert, 17685 bp in length, returned the top hit of the
complete mitochondrial genome of Tripsacum dactyloides (DQ984517) at 99% identity for 33%
of the sequence.
The trnI-trnL IGS insert in Paraneurachne muelleri was 2808 bp long, and contained no
similarity to the subregion found in Paspalum or Parianinae. BLASTn results returned a 92%
shared identity to Sorghum bicolor mitochondriome (DQ984518.1) for 68% of the sequence.
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Figure 6:
The inserts compared among Paspalum species and across generalized
subfamilies. Aligned subregions are differentiated with alternating blue and green bars. These
subregions are flanked by red bars representing trnI (left) and trnL (right). IDEs are represented
with overlapping colored bars and their designated letter (Table 4).

Table 4
A list of intrastrand deletion events (IDEs) in the Paspalum lineage.
IDE

Sequence

Divergence
Time (Ma)

Paspalum with
Deletion

CAAATATTCGGA

Deletion
Length
(bp)
17929

A

Both repeats present
at each end of the
deletion
P. pubiflorum, P.
virgatum, P. simplex

2.4

P. dilatatum

B

ATATAACTTCCC

10466

3.3

P. simplex

P. pubiflorum

C

TCCTGAAACGTA
AAAAA

220

3.3

P. simplex

D

ACTTGCTC

11340

6.2

P. virgatum

P. dilatatum, P.
pubiflorum, P.
virgatum
P. pubiflorum

E

ATGATTTGG

18645

1.4

P. juergensii

P. pubiflorum

F

GGAATCCGTTAG
AAAT

17700

2.0

P. glaziovii, P.
inaequivalve, P.
vaginatum

G

GGCTCGGCGAC

112

4.8

P. ionanthum

P. pubiflorum, P.
virgatum, P. minus

One repeat present at one
end of the deletion
P. juergensii, P.
fimbriatum, P. minus, P.
ionanthum, P. glaziovii, P.
inaequivalve, P. vaginatum
P. juergensii, P.
fimbriatum, P. virgatum, P.
minus, P. ionanthum

P. juergensii, P.
fimbriatum,, P. simplex, P.
minus, P. ionanthum
P. fimbriatum, P.
dilatatum, P. virgatum, P.
simplex, P. minus, P.
ionanthum, P. glaziovii, P.
inaequivalve, P. vaginatum
P. dilatatum, P. juergensii,
P. fimbriatum, P.
pubiflorum, P. virgatum, P.
simplex, P. minus, P.
ionanthum,
P. simplex
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Plastome Phylogenomic and Divergence Date Analyses
The same topologies were retrieved for the ML and BI analyses. Most nodes were
supported maximally except for seven nodes in the ML analysis and one node in the Panicinae in
the BI analysis (Figure 5). In both analyses Panicoideae were sister to the rest of the PACMAD
clade with a bootstrap value of 81% and a posterior probability (PP) of 1.0. The Paspalum
species were retrieved as monophyletic, with only two bootstrap values being less than
maximum and all had a PP of 1.0.
The same topology was retrieved in the divergence date analysis performed by BEAST
v2.4.3. The crown node of the PACMAD clade was dated at 63.5 Ma with crown nodes of
Panicoideae diverging at 53.0 Ma, Paspaleae at 25.9 Ma and Paspalinae at 21.0 Ma. The crown
node of Paspalum diverged at 10.6 Ma, with the most recent diversification event at 1.4 Ma with
the divergence of P. pubiflorum and P. juergensii from their common ancestor. The shortest time
between species divergences is 0.9 Ma, from which P. simplex diverges from the sister taxa: P.
dilatatum, P. pubiflorum, and P. juergensii. The longest time between divergence events is 8.6
Ma with the bifurcation of P. vaginatum and P. inaequivalve, the earliest lineage in Paspalum
sampled here.
Tetramer Identity Analysis
The tetramer matrices were generated for each of the five partitions. These files were
made into the U-Matrix, which is a visualization of distance in the tetramer frequency between
data points and is represented as map elevation. These distances between clusters of points are
further visualized with elevation barriers acting as cutoffs, thus representing large differences
between data sets (Dick et al., 2009; Ultsch and Mörchen, 2005). This was used to interpret the
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origin of Paspalum inserts, depending on where they occurred and how they were separated in
the map.
Inspection of the ESOM results shows that most of the plastome clusters together. The
LSC and SSC cluster with high ‘elevation’ (white and light grey areas) around most of the
points, and with lower ‘elevation’ (dark grey and black areas) compartmentalizing clusters of
LSC and SSC within that barrier. The IR is close to the LSC/SSC regions along an area where
the elevation is not as high. There is one cluster of IRs that is not near LSC/SSC area, and is
located among mtDNA with no high ‘elevation’ barriers nearby. The Paspalum inserts were also
located within the mtDNA region, also in an area with very few high ‘elevation’ barriers. Some
of the insert data points clustered, with two groups of two and one group of four. The mtDNA
points were located throughout the ESOM, but with fewer data points located within the
LSC/SSC area (Figure 7).
Discussion
Plastome Features
In the eight newly assembled Paspalum species, six contained an insert in the trnI-trnL
IGS. We investigated whether the origin of the inserts was one or multiple events. Inserts from
different species had little overall similarity and only one species, P. fimbriatum, had a
secondary insert, which had homology to a smut parasite of grasses (Burke et al., 2016a).
However, while none of the sequences are exactly the same for each species, these six new
inserts contain multiple subregions of high identities that are shared between sections of newly
and previously discovered Paspalum inserts (Burke et al., 2016a). Thus, 19 out of the 21
subregions (Figure 6) contain shared sequence similarity across the sampled Paspalum, which
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Figure 7:
ESOM of mtDNA and partitions of ptDNA sequences based on tetranucleotide
frequency. The mtDNA is in blue with the ptDNA divided into LSC (green), SSC (red), IR
(orange), and the Paspalum inserts (yellow). High ‘elevations’ are in white visualizing major
distances in tetranucleotide frequency, while ‘low elevations’ are in darker grays showing
similarity in tetranucleotide frequency.
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suggests a single insertion event at some point in the Paspalum lineage (Figure 5). With the
current sampling, the hypothetical ancestral insert size is estimated to be around 17685 bp long,
and would have only occurred once. This is in agreement with previous characterizations of
mitochondrial inserts in plastomes, which suggest that while these insert events happen, they are
rare (Smith, 2014).
The homologous IGS also contained an insert for the newly sequenced Paraneurachne
muelleri. While this 2808 bp insert did not match any subregion of the Paspalum inserts or the
Parianinae inserts, it does illustrate that this IGS in the plastome is a hotspot for indel mutations.
On average the lengths of plastid IGSs for all Poaceae in this sampling, removing species with
probable mitochondrial inserts, is 422 bp, yet the length of the trnI-trnL IGS is on average 3071
bp. The greater length of this IGS is likely due to the disintegration of the large ycf2 CDS, which
is one of the defining features for poaceous plastomes (Maier et al., 1995). The larger size of the
plastome IGS potentially offers less steric hindrance during recombination with the larger
mitochondrial insert. Future discoveries of more grass genera with insertions in this trnI - trnL
IGS, would support the idea of this spacer as a mutational hotspot for recombination mutations.
The most likely mutational mechanism that can explain the varying lengths of these
inserts is gene conversion followed by repeated rounds of intrastrand deletions. Gene conversion,
or nonreciprocal recombination, occurs when homologous regions have uneven replacement of
sequence, causing the loss of one variant sequence (Graur et al., 2016). To help put this
mechanism in context, an understanding of plant mitochondrial genomes is warranted.
Mitochondria are known to actively take up and incorporate foreign DNA, which
includes ptDNA (Koulintchenko et al., 2003). One study (Notsu et al., 2002), found that 22,593
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bp of ptDNA was located in a mitochondrial genome (AB076665-6). That only accounts for
6.3% of the mitochondrial DNA, but it is nearly 20% of the donor plastome (NC_001320).
Another study (Clifton et al., 2004), found two major ptDNA inserts, of 12.6 kb and 4.1 kb that
were primarily IR sequence, and with other inserts totaled 23.9 kb. This only accounts for 4.2%
of the mitochondrial genome (AY506529), but is 17.0% of the respective plastome (X86563).
Within these plastome inserts in mitochondrial genomes, complete genes can be found like trnI
(NC_007982 at 326704 - 327726) and trnL (NC_007982 at 336020 - 336100). Since
mitochondrial genomes are known for rearranging to the extent that gene order is not conserved
between genera or even congeneric species (Knoop, 2004; Palmer and Herbon, 1988; Richardson
et al., 2013; Satoh et al., 2004), it is likely that the intergenic distance of genes in the
mitochondrial genome with homology to those in the plastome would differ in length and
sequence between grass taxa.
Thus, sequences in the mitochondrial genome that contain mtDNA flanked by conserved
regions of ptDNA (trnI and trnL) would have the potential for gene conversions. The conserved
ptDNA would act as recombination points between the plastome loci and homologous loci in the
mitochondrial genome to create mtDNA insertions. The varying lengths seen among different
genera are also explained by rearrangements within the mitochondrial genome that are specific to
a taxonomic level, such as within the Paspalum or Parianinae lineages. This creates varying
insert lengths and with sequence content unique to the separate insertion events at different
taxonomic levels (Paspalum progenitor: 17685 bp, Paraneurachne: 2808 bp, Parianinae: 4920
bp).
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Once the inserts are established in the plastome, the mechanism for the differential
degradation that is seen within Paspalum can easily be explained. The identification of dispersed
repeats localized to the endpoints of these areas clearly indicate IDE as the causal mechanism.
There are seven examples of IDEs (Table 4) that have removed sequences of varying lengths,
ranging from 112 bp to 18645 bp, throughout the insert subregions in Paspalum and flanking
ptDNA, which precisely terminate in short dispersed repeats. These IDEs, with other probable
ones that are undetectable due to the taxonomic subset that was sampled, create sequences that
are seemingly unique, but are just the result of various ways to excise sequence from the original
insert.
An IDE may also explain a singular situation for one species, P. glaziovii, which does not
contain mtDNA inserts. There is evidence for an IDE within Paspalum that can remove the
entire insert. An upstream repeat (16 bp in length) can be found early in the sequence, near trnI,
for P. juergensii, P. fimbriatum, P. pubiflorum, P. virgatum, and P. simplex, while a downstream
exact repeat is found closer to the trnL gene in P. minus, P. ionanthum, P. glaziovii, P.
inaequivalve, and P. vaginatum. At this point there is no Paspalum species that has both copies
of this repeat. In those species that contain one repeat copy and insert sequence, it is likely that a
smaller IDE removed one of the repeats. Doing so would preserve a larger portion of the original
insert, and potentially create contingencies on what other IDEs can occur based on whether the
first or second repeat was removed.
The hypothesized smaller IDEs that preserved the insert by removing one of the repeats
appears to have also removed the possibilities of other IDEs. An example of this is at the
beginning of P. minus, and P. ionanthum, which are missing one subregion prior to “IDE F,”
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likely due to a smaller IDE. This unidentified IDE most likely removed not only the first repeat
of “IDE F”, but also the first of the dispersed repeats for “B”, “D”, and “E”. Thus, the
contingency of future IDEs based on a previous IDE and understanding priority of IDEs will be
better determined with further sampling within the Pasplaum lineage (for example Piot et al.
2017, and future studies).
Phylogenomic and Divergence Date Analyses
The topology of Paspalum species for this study was well supported with all but two
nodes being maximally supported in the ML analysis, and all nodes maximally supported in the
BI analysis. With little doubt as to the divergence of the represented species, we find that species
with no evidence of an insert are non-monophyletic. P. inaequivalve and P. vaginatum, which
both lack the insert, are in the earliest diverging clade in this study, but P. glaziovii, which also
lacks the insert, is more recently diverged within the Paspalum lineage. This demonstrates that
the lack of an insert is not an ancestral trait. Based on the current sampling, it is likely the insert
arose at the clade comprising all Paspalum except P. inaequivalve and P. vaginatum. This might
explain why P. ionanthum has the longest insert (11393 bp), as it is near the origin of the
insertion event. With the likely point of origin for the insertion, determining the time from
foreign DNA insertions to IDEs will further the understanding of how plastomes interact with
inserted non-ptDNA.
In the chronogram phylogeny, selected divergence dates for speciation effectively
represent the hypothetical time of the insertion event and the time it takes for IDEs to become
fixed in the plastome. If the insert arose around 8.7 Ma, and the subsequent loss of the insert in
P. glaziovii occurred at 7.2 Ma, then the fixation of “IDE F” occurred within a time period of
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roughly 1.5 Ma. Other IDEs (A, B, D, E, F), became fixed in relatively short time periods as
well, ranging from as little as 1.4 Ma (“IDE E”) to 3.3 Ma, except for “IDE D” at 6.2 Ma. These
larger time estimates could be due to a lack of sampling, and not being able to break up longer
branches with a species rich genus like Paspalum (~350 spp.; Scataglini et al., 2014). Thus,
IDEs, especially larger ones, becoming fixed in a relatively short time could suggest that the
original insert is being selected against.
The progenitor’s hypothesized insert size is over 17000 bp, and contains no recognizable
coding sequence. The longer the insert, the more time, energy and materials will be needed in the
replication process of the plastome. This might explain for the variety of different IDEs seen
throughout the phylogeny. While some species of Paspalum are missing one or both of the
repeats that can remove the insert, “IDE F,” they contain other IDEs that either shorten the insert
or remove most of the insert with the ptDNA that flanks the insert (P. juergensii, P. fimbriatum,
and P. dilatatum). Thus, a smaller plastome, with little or no insert, could be more beneficial
overall to the plastid compared to larger plastomes.
Tetramer Identity Analysis
It is also important to determine the origin of the insert as it could have other implications
if the source is not from mtDNA. For this, the ESOM analysis (see visual matrix output, Figure
7) was conducted to compare tetranucleotide frequencies to evaluate support for our hypotheses
of origin. The Paspalum insert within the ESOM matrix did not cluster with other ptDNA, but
rather clustered into smaller groups among the mtDNA. From the ESOM matrix (Figure 7), there
is a distinct high ‘elevation’ around the ptDNA. This circumscription of ptDNA is more apparent
near the top and left side portion of the ptDNA cluster, with the loss of ‘elevation’ as it gets
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closer to the sections with IR sequences. This can be explained as there are large portions of IR
that are located in the mtDNA of many Poaceae species (Clifton et al., 2004; Notsu et al., 2002).
Thus, there is some similarity creating a lower ‘elevation’ around IR points. The incorporation of
ptDNA into mtDNA is also why there are points from the mtDNA within the ptDNA cluster
(Clifton et al., 2004; Notsu et al., 2002). There is also one IR point that is noticeably distant from
the rest of the ptDNA cluster. This is most likely the rRNAs that are found within the inverted
repeats. These regions are very GC rich (Paspalum and other Poaceae species in this study: GC%
= 54.7%) and thus would look more like mtDNA, which is overall also more GC rich
(AY506529: GC% = 43.9%, AB076665-6: GC% = 43.9%) than the overall AT rich ptDNA
(Paspalum: GC% = 37.8%, Poaceae species in this study: GC% = 37.6%).
Our interpretation of these results is that the insert is mtDNA in origin, which was then
transferred into ptDNA by mechanisms suggested previously. This possibility, which was once
thought to be impossible or highly unlikely (Rice and Palmer, 2006; Richardson and Palmer,
2006), is only now becoming evident as more NGS work is done (Burke et al., 2016a; Gandini
and Sanchez-Puerta, 2017; Ma et al., 2015; Piot et al., 2017; Wysocki et al., 2015).
Conclusion
In conclusion, the Paspalum insert in the trnI - trnL IGS was observed in eight out of the
eleven banked plastomes. The original insert was determined to have similarities to mtDNA
suggesting mtDNA origins. This is supported by the high pairwise identity compared to other
mitochondrial plastomes, and the placement of the insert in the tetranucleotide analysis. It is
likely that this mtDNA insert arose at the clade comprising all Paspalum except possibly P.
inaequivalve and P. vaginatum around 8.7 Ma, and mtDNA sequence was subsequently lost in
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certain species. The deletion events in the insert were not always complete removals, but there is
a general trend of removing large subregions of sequence. This is seen throughout the Paspalum
lineage, with seven different IDEs identified. These IDEs remove large portions of sequence in a
given species lineage within a relatively small amount of time, the shortest of which was noted at
1.4 Ma. Thus, this suggests that there might be evolutionary pressure to remove this excess
mtDNA from the plastome.
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CHAPTER 5 —ANCESTRAL STATE RECONSTRUCTION, DIVERGENCE DATE
ESTIMATION, AND TRAIT EVOLUTION IN PANICOIDEAE (POACEAE).
Abstract
With the progression of advanced sequencing technologies, the ability to obtain full
plastid genomes in Poaceae has increased substantially, especially among the panic grasses.
Previous studies have either used plastome-wide data sets from few taxa, or large taxon sampling
based on a few genes. This study will use the most data available, and use large taxon sampling
with plastome wide data. This study examines the topology of Panicoideae, the divergence dates
within the subfamily and determines the phylogenetic distribution of six traits of interest.
This study adds 35 more Panicoideae plastomes to the already existing data, for a
combined total of 199 complete plastomes from species in the subfamily. This set of panicoids
with other grasses creates a 352 species matrix, which returns a robust phylogeny for the family.
The divergence for the crown node of Panicoideae is estimated at 73.9 Ma. The progenitor of
Panicoideae is suggested to be a C3 grass with three stamens and two stigmas, without
pseudopetioles, and growing in open habitats.
The phyloplastomic analysis determined that there are still tribes that are nonmonophyletic, even under the latest taxonomic schemes. The trait of stigma count is static across
the Panicoideae, but stamens counts display a great amount of variation within the Panicoideae.
The trait of pseudopetioles often pairs with non-open habitats, but the reverse is not true. Finally,
the transition from C3 to C4 photosynthesis returned an unexpected result, suggesting that the
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Paspaleae and Andropogoneae acquired the NADP-ME type at the same time, 51.5 Ma, and the
trait was not fully fixed within the Paspaleae.
Introduction
The grass family, Poaceae, is the fifth largest family of angiosperms (Soreng et al., 2017).
With over 11500 species in this family and a widespread distribution across all continents on
earth, including Antarctica (Convey, 2001), grasses have demonstrated the ability to survive in
diverse environments. This ability to diversify, adapt, and evolve to survive in their ecological
niches are of great interest as there are many agriculturally important grasses (Burke et al.,
2016a).
To live in these diverse environments, grasses have evolved different mechanisms and/or
structural traits. The best example of this is C4 photosynthesis, as it is a complicated trait
(Christin et al., 2010) and a more efficient way for a plant to obtain chemical energy from
sunlight, especially in warmer and drier environments (Washburn et al., 2015). The alternative
pathways of C4 photosynthesis all start with the fixation of CO2 in the mesophyll cells, creating
oxaloacetate, which becomes either malate or aspartate (Wang et al., 2014). This four carbon
molecule is then transported to the bundle sheath cells where it is decarboxylated by an enzyme:
NADP-malic enzyme for NADP-ME grasses, NAD-malic enzyme for NAD-ME grasses, and
phosphoenolpyruvate carboxykinase in PCK grasses (Wang et al., 2014). They all share
similarities in moving the carboxylase reaction to the bundle sheath cells to increase the
efficiency of the RuBisCO enzyme by increasing the availability of CO2 (Taiz and Zeiger, 2010).
Other traits, such as light tolerance, seem more plastic, but still have important
implications in the evolution of the grasses (Gallaher et al., in revision). Early diverging lineages
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are shade tolerant species, but most grasses transitioned to an open habitat at different points in
evolutionary time (Watson and Dallwitz, 1992 onwards). Then there are nearly static traits, such
as stamen and stigma number in grasses, which commonly have three stamens and two stigmas,
but variation may be indicative of differential investment in reproductive effort under shifting
reproductive strategies (Kellogg, 2015). Finally, there are traits that are poorly understood, like
the evolution of pseudopetioles (Kellogg, 2015). Phyloplastomics (full plastome phylogenomics)
can be used to determine the relationships between species, and give a better understanding of
grass traits.
For years phyloplastomics has been a common practice to retrieve phylogenies in grasses
(Arthan et al., 2017; Attigala et al., 2016; Besnard et al., 2013; Burke et al., 2012; 2014; 2016a;
2016b; Cotton et al., 2015; Duvall et al., 2016; 2017; Jones et al., 2014; Lundgren et al., 2015;
Ma et al., 2015; Olofsson et al., 2016; Orton et al., 2017; Saarela et al., 2015; 2018; Teisher et
al., 2017; Wu and Ge, 2012; Wysocki et al., 2015; Zhang et al., 2011; and many more). This
abundance of sequenced grass plastomes has been largely due to the ease and the lower costs of
Next Generation Sequencing (NGS). These methods produce large amounts of sequence data
leading to numerous new plastomes. Until recently most of these studies would include their
sequenced plastomes, other ingroup species, and some outgroup species. The choice of outgroup
species can be an important part of a phylogenomic analysis, even to the point of changing
ingroup topology (Cotton et al., 2015; Duvall et al., 2016). With this in mind, Saarela et al.
(2018) created a large 250 species matrix, breaking up long branches and adding key species to
better resolve topologies, dwarfing the next highest phyloplastomic analysis of 76 grasses
(Arthan et al., 2017). The findings revealed topological differences based on partitioning, as well
as the large number of positively selected sites in commonly used coding sequences (Saarela et
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al., 2018). Thus, to avoid obtaining erroneous phylogenies due to under sampling and restrictive
partitioning, this study will use the full, unambiguously aligned sequences of plastomes with 352
taxa.
Another benefit of phyloplastomics is the potential to use divergence date analysis to
determine the age of groups within a phylogeny (Burke et al., 2016b; Jones et al., 2014; Orton et
al., 2017; Teisher et al., 2017). These divergence date estimates are calibrated from either fossil
data (Burke et al., 2016b; Christin et al., 2014; Vicentini et al., 2008) or from studies that
retrieved date ranges for the calibration nodes of interest (Teisher et al., 2017). This information
can be paired with ancestral state reconstruction analysis (Christin et al., 2008; Gallaher et al., in
revision; Teisher et al., 2017), to not only determine at what point the trait arose within the
phylogeny, but at what period in an evolutionary time scale. This can give insight into the
evolutionary pressures driving the evolution of a certain trait. This phyloplastomic study of
Poaceae will be used to investigate the time and placements of six traits found within
Panicoideae.
Methods
Sampling
The sampling for Panicoideae was based on all unique Panicoideae species that were
available on GenBank (Benson et al., 2014) as of November 2017 plus the 35 species that were
assembled for this study. All other subfamilies within Poaceae were also sampled, but
subfamilies that had more than 10 species were selectively pruned so as not to oversample, as
these subfamilies would effectively be the outgroup. The total number of panicoid species was
199 out of 352 species. The numbers for the other represented subfamilies were:
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Anomochlooideae: 2, Pharoideae: 4, Puelioideae: 1, Bambusoideae: 33, Oryzoideae: 28,
Pooideae: 45, Aristidoideae: 6, Chloridoideae: 12, Micrairoideae: 6, Arundinoideae: 10,
Danthonioideae: 4.
Extraction and Library Preparation
DNA extractions of Panicoideae were performed using the DNeasy Plant Mini kit
(Qiagen, Valencia, CA, USA) following the manufacturer’s protocol after a liquid nitrogen
homogenization step on herbarium specimens and silica dried, green leaf material (Burke et al.,
2016a). DNA samples were prepared for the Illumina TruSeq, and Illumina Nextera by diluting
samples to the suggested starting amount using the Nextera DNA Sample Preparation kit.
Libraries were sequenced at Iowa State University core DNA facility (Ames, Iowa, USA) on an
Illumina HiSEq 3000. Further reads were acquired from the Washburn et al. (2015) study (Table
5), which are banked on the SRA archive at NCBI (https://www.ncbi.nlm.nih.gov/sra).
NGS Plastome Assembly, Verification and Annotation
Following the methods of Burke et al. (2016a), the Illumina and SRA reads were filtered
and assembled. Low quality reads were removed using DynamicTrim at default settings (Cox et
al., 2010), adapters still attached to reads were removed with CutAdapt (Martin, 2011), and then
reads less than 25 bp were removed with LengthSort (Cox et al., 2010). de novo assembly was
performed with SPAdes v.3.8.1 (Bankevich et al., 2012), with k-mers set from 19 - 85 bp with an
interval of six. Redundant sequences were then removed with CD-Hit v4.6 (Fu et al., 2012) and
scaffolded together using ACRE (Wysocki et al., 2014).
The scaffolds created by ACRE were imported into Geneious Pro v9.1.6 (Kearse et al.,
2012; Biomatters Ltd., Auckland, New Zealand). Based on each sample, a banked reference
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Table 5
Plastomes analyzed in this study with their sequencing protocol and voucher information.

Species

Sequencing

Voucher

Alloteropsis cimicina

Washburn et al., (2015)

Washburn et al., (2015)

Anthephora pubescens

Nextera

PI 511306

Anthephora pubescens

Washburn et al., (2015)

Washburn et al., (2015)

Aristida congesta

Nextera

PI 364388

Arthraxon lancifolius

Nextera

S. Laegaard 21760

Arthropogon lanceolatus

TruSeq

Washburn et al., (2015)

Arundinella hirta

Washburn et al., (2015)

Washburn et al., (2015)

Arundinella hookeri

Washburn et al., (2015)

Washburn et al., (2015)

Brachiaria glomerata

Nextera

MSB 82529

Cenchrus ciliarus

TruSeq

Saarela et al., 1618

Cenchrus purpureus

Washburn et al., (2015)

Washburn et al., (2015)

Chaetium bromoides

TruSeq

L.G. Clark S.N.

Dichanthelium scoparium

Washburn et al., (2015)

Washburn et al., (2015)

Dichanthium sericeum

Washburn et al., (2015)

Washburn et al., (2015)

(Continued on following page)
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Table 5 (continued)
Species

Sequencing

Voucher

Digitaria californica

Washburn et al., (2015)

Washburn et al., (2015)

Digitaria cuyabensis

Washburn et al., (2015)

Washburn et al., (2015)

Digitaria pentzii

Washburn et al., (2015)

Washburn et al., (2015)

Echinochloa esculenta

Washburn et al., (2015)

Washburn et al., (2015)

Eriachne aristidea

Washburn et al., (2015)

Washburn et al., (2015)

Eriochloa punctata

Washburn et al., (2015)

Washburn et al., (2015)

Neurachne munroi

Nextera

Latz PK 12025

Oplismenus burmannii

Washburn et al., (2015)

Washburn et al., (2015)

Panicum capillare

Washburn et al., (2015)

Washburn et al., (2015)

Panicum coloratum

Washburn et al., (2015)

Washburn et al., (2015)

Panicum hallii

Washburn et al., (2015)

Washburn et al., (2015)

Panicum repens

Washburn et al., (2015)

Washburn et al., (2015)

Pennisetum setaceum

TruSeq

S.V. Burke 25

Pseudechinolaena
polystachya

TruSeq

F.O. Zuloaga 6798

Rhynchelytrum repens

Nextera

F. Zuloaga, 6764

(Continued on following page)
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Table 5 (continued)
Species

Sequencing

Voucher

Steinchisma decipiens

Washburn et al., (2015)

Washburn et al., (2015)

Tricholaena monachne

Nextera

PI 166381

Urochloa brizantha

Washburn et al., (2015)

Washburn et al., (2015)

Urochloa fusca

Washburn et al., (2015)

Washburn et al., (2015)

Urochloa plantaginea

Washburn et al., (2015)

Washburn et al., (2015)

Zuloagaea bulbosa

Washburn et al., (2015)

Washburn et al., (2015)
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plastome (www.ncbi.nlm.nih.gov) from a closely related species was chosen. Using the MAFFT
v7.222 (Katoh and Standley, 2013) plugin in Geneious, the scaffolds were aligned to their
respective reference plastome. Gaps between scaffold contigs were closed by in silico genome
walking using the “map to reference” function in Geneious (Burke et al., 2016a, Wysocki et al.,
2014). A verification step was then performed for each newly generated plastome. This was done
by mapping the reads to the finalized plastome and any incongruencies between reads and
scaffolded contigs were manually adjusted.
After verification, the IRs were located using the methods of Burke et al. (2012). In short,
BLASTn was used to locate IR boundaries by searching for orientation changes from plus/plus to
plus/minus. These regions were flagged in Geneious, the IRb was identified, and the reverse
complement of IRb was used to create the IRa section. The verified plastome with both IRs was
then pairwise aligned to the reference, and annotations were applied using the “transfer
annotation” function in Geneious. The coding sequence boundaries were checked and manually
adjusted.
Phylogenomic Analyses and Divergence Date Estimation
A plastome size matrix of 352 taxa X 74522 sites was assembled by aligning the
complete plastomes with one IR copy removed (Saarela et al., 2018) using the MAFFT v7.222
plugin in Geneious Pro, with default settings. Any gaps that were introduced into the matrix via
alignment were stripped from the matrix. The GTR+I+G model was selected using jModelTest
v2.1.10 (Darriba et al., 2012) under the Akaike information criterion (Akaike, 1974), and was
among the limited set of models available for the phylogenomic software. Maximum likelihood
(ML) and Bayesian MC3 Inference (BI) analyses were conducted on the alignment matrix. The
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ML analysis was conducted by RAxML-HPC2 on XSEDE v8.2.9 (Stamatakis, 2014) on the
CIPRES Science Gateway (Miller et al., 2010a). The ML analysis was set to 1000 bootstrap
replicates with all other default parameters.
The BI analysis was conducted simultaneously with the divergence date analysis in
BEAST2 v2.4.8 (Bouckaert et al., 2014). The parameters of the divergence date analysis
contained an uncorrelated relaxed clock model (Christin et al., 2014), a GTR substitution model
with a gamma category count of six, an estimated shape parameter of 0.744012 and an initial
value of 0.504602 for estimated proportion of invariant sites. These initial values were obtained
from the ML analysis.
BEAST2 was also set up with seven fossil calibration points based on those used in
Burke et al. (2016b). The use of relatively few fossils was due to the lack of fossils in the grass
family as well as the lack of well described fossils with extant lineages (Burke et al., 2016b, Iles
et al., 2015). The specifics of these fossils are given (Table 1; Burke et al., 2016b). The method
of fossil calibration follows the methods of Burke et al. (2016b) and Christin et al. (2014). Fossil
constraints were set on the associated nodes with the minimum node age set to the date
determined by either stratigraphy or radiometric dating. The maximum age for each node was
then set to the oldest known fossil in the set. For this study, that is the Poinar et al. (2015) fossil,
which is a grass-like inflorescence encased in amber dated at 110 Ma.
BEAST2 analysis was conducted on the CIPRES Science Gateway for 500 million
generations, four times, for a combined total of 2 billion generations, logging every 100000 trees.
Tracer v1.6 (Rambaut et al., 2014) was used to assess convergence and determine the burn-in
value for each analysis of 500 million generations. The burn-in values were applied in
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TreeAnnotator (Rambaut and Drummond; 2014) with: seed 1 at 52%, seed 2 at 30%, seed 3 at
38%, and seed 4 at 44%. This produced one tree that contained the information from 1.18 billion
trees. This was then visualized with the packages “strap” (Bell and Lloyd, 2014) and “ips”
(Heibl, 2008) in R (R Core Team, 2017).
Ancestral State Reconstruction Analysis
The character states of interest for this study include physiological, morphological, and
light tolerance. These traits are: C3 or C4 photosynthetic biochemical pathways (C3, PCK, NADME, NADP-ME and hybrids), number of stamens and stigmas, pseudopetioles (absent or
present) and habitat (open, partial, shaded; Watson and Dallwitz, 1992 onwards). The traits of all
352 species were manually gathered at the genus level to score the states across six different
categories, minus two unknown states that were coded as “unknown” for the biochemical
pathways for Nematopoa longipes and Kerriochloa siamensis, making a total of 2188 recorded
states (Appendix D: Supplemental 12). This was done via literature research (Bell and
Columbus, 2008; Betancourt et al., 1990; Bystriakova et al., 2003; Camus, 1926; Chapman,
1992; Christin et al., 2010; Clayton et al., 2006; Duvall et al., 2003; Elmore and Paul, 1983;
Fenner et al., 1993; Fisher et al., 2014; FloraBase, 1998 onwards; Forzza et al., 2016; Global
Invasive Species Database, 2017; IUCN, 2014; Ibrahim et al., 2008; Khoshravesh et al., 2016;
Linder et al., 2010; Lundgren and Christin, 2016; Moore and Edwards, 1988; Ohsugi and
Murata, 1986; Piot et al., 2017; PlantNET, 2017 onwards; Plants, 2017 onward; Quattrocchi,
2006; Raghavendra and Sage, 2010; Rahman, 1988; Sage and Monson, 1998; Schmidt et al.,
2011; SEINet Portal Network, 2017 onwards; SERNEC Data Portal, 2017 onwards; Silva et al.,
2016; Soreng et al., 2017; Stapleton et al., 2004; The Herbarium Catalogue Kew, 2017 onwards;
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USDA, 2017 onwards; Voznesenskaya et al., 2005; Watson and Dallwitz, 1992 onwards;
Widjaja, 1997; Zuloaga et al., 2006; 2007), with some photosynthetic biochemical pathways
determined by Kranz anatomy and the often corresponding biochemical subtypes (Chapman,
1992; Zuloaga et al., 2007).
The dataframe of traits and the ML best tree were imported into the R statistical suite.
The package “phytools” (Revell, 2012) was used to create the ancestral reconstruction for each
trait. The trees were modeled with the “make.simmap” function, with the model set to “ER” and
the number of simulations set to 1000. The summary of these 1000 trees was made to create the
probability, shown in a pie chart at each node. This was mapped onto the first tree that was
created in the simulation. The states for each trait at the base of Panicoideae represents the
putative progenitor for the subfamily, and state changes from the putative progenitor within the
subfamily were noted.
Results
Phylogenomic Analyses and Divergence Date Estimation
The alignment of 352 species, with the gapped columns removed, was 74522 bp long.
The ML and BI analyses returned similar trees with most discrepancies occurring below the
tribal level. In most cases when the posterior probability (PP) was not at maximum, the resulting
ML bootstrap tree had a lower bootstrap (BS) value or no comparable topology. Thus, the BI tree
will be used here when referring to this study’s topology (Figure 8). Both trees, ML and BI,
returned the same topology for early diverging subfamilies, BOP and PACMAD clades, and the
same subfamily topology within each clade. There were 34 nodes that were not retrieved with
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Andropogoneae

Paspaleae

Paniceae
Panicoideae

PACMAD

BOP

Figure 8:
A BI chronogram with branches colored to correspond to posterior
probability values. Clades of interest are noted in the phylogeny. Gray branches are supported
with maximal support at 1.0. For other values, see Appendix D, Supplemental 13.
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maximal support from the BI analysis. It is worth noting that the Panicoideae were sister to rest
of the PACMAD clade with support values of 70/0.90 (BS/PP).
While there are topologies that were incongruent between the ML and BI trees in nonpanicoid sections of the tree (e.g. (Bouteloua + Distichlis) + Hilaria)), these have been
investigated further in other studies (Duvall et al., 2016). Here, investigation of incongruencies is
limited to those within the panicoid only subtree, with most occurring within the
Andropogoneae.
The first conflict was located within the Andropogoneae in the Andropogoninae with the
branching order between two species of Andropogon and Diheteropogon amplectens var.
catangensis. In the BI tree A. abyssinicus and A. distachyos were sister to a clade of Hyparrhenia
spp. with a support value of --/0.56, while in the ML tree D. amplectens var. catagensis was
sister to Hypparrhenia. A second topology within Andropogoninae is the three latest branching
Themeda species, T. arguens, T. triandra, and T. species. Once again, a low value support, -/0.31, was obtained from each phylogenetic analysis. The final incongruence in Andropogoninae
is the branching order for Heteropogon triticeus and Cymbopogon flexuosus, which returned a -/0.37. In the ML tree this branch occurs as sister to the rest of the Andropogoninae, while in the
BI tree this branch is sister to the Heteropogon contortus and other species, including the
Themeda complex.
A second case in Andropogoneae is a group of tribes, Coicinae, Rottboelliinae, and
Ischaeminae. The BI tree has Coix sister to Rottboellia with that group sister to Ischaemum, and
with that clade of three taxa sister to Kerriochloa. The ML tree has Kerriochloa diverging after
this clade of three species, sister to the clade of two genera of Rottboelliinae (Mnesithea,
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Eremochloa), Germainiinae, Saccharinae, and Andropogoninae. In either case, Ischaeminae and
Rottboelliinae, as defined by Soreng et al. (2017), are retrieved as non-monophyletic.
Sacciolepis indica, an incertae sedis genus based on current taxonomy, is placed within
Paniceae. In the ML tree, S. indica is sister to the subtribes Dichantheliinae and Neurachninae
with a value of 59/--. In contrast, in the BI tree S. indica is sister to the clade of Panicinae,
Cenchrinae, and Melinidinae with a low value of --/0.61.
There were also cases of non-monophyly among genera within the Panicoideae. The most
prominent of these is the genus Andropogon, which is found in four separate clades. Due to this,
Schizachyrium is also non-monophyletic with two Andropogon species breaking up the clade.
Arundinelleae were also non-monophyletic with Arundinella and Garnotia retrieved as a grade
instead of a clade. Within the Paniceae, the genus Urochloa is found within three different clades
and as part of the grade leading up to the main clade of Urochloa. Panicum is also nonmonophyletic with Panicum pygmaeum and P. lycopodiodes occurring outside of the main clade,
but also with the placement of Whiteochloa capillipes within the main clade (Burke et al., 2016a;
Saarela et al., 2018).
The divergence date analysis returned values for all non-root nodes in the phylogeny. For
the scope of this study, only large clades, subfamilies and tribes within the Panicoideae will be
reported in text, other values can be found in the supplemental figure (Appendix D:
Supplemental 13). The values, representing the crown of the node, for these groups are presented
(Table 6). As for Panicoideae, the subfamily is estimated to have diverged at 73.9 Ma (85.4 /
63.5; Upper 95% HPD / Lower 95% HPD), with the large tribes Paniceae at 48.4 Ma (57.7 /
39.5), Paspaleae at 37.4 Ma (47.5 / 27.8) and Andropogoneae at 28.7 Ma (35.7 / 22.0).
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Table 6
Estimated divergence time with upper and lower 95% HPD intervals for crown nodes for clades
of interest, Panicoideae, and tribal levels within Panicoideae.
Clade

Value (Ma)

Upper 95% HPD (Ma)

Lower 95% HPD (Ma)

Crown Grass Clade (CGC)

93.6

100.1

86.7

BOP

88.9

95.9

81.4

PACMAD

79.4

89.3

69.8

Panicoideae

73.9

85.4

63.5

Paniceae

48.4

57.7

39.5

Paspaleae

37.4

47.5

27.8

Andropogoneae

28.7

35.7

22.0

Arundinelleae

40.2

49.7

31.7

Lecomtelleae

57.4

66.9

47.7

Chasmantieae and
Zeugiteae

54.7

70.8

33.6

Tristachyideae

23.4

36.9

10.6

Thysanolaeneae and
Centotheceae

31.0

49.2

14.9

Alloeochaete and
Dichaetaria clade

48.9

69.0

28.7
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Divergence values were also retrieved for larger clades like: PACMAD at 79.4 Ma (89.3 / 69.8),
BOP at 88.9 Ma (95.9 / 81.4) and the Crown Grass Clade at 93.6 Ma (100.1 / 86.7).
Ancestral State Reconstruction Analysis
The ancestral state reconstruction analysis returned six trees, one for each trait. Once
again, the panicoid grasses will be the focus of these traits. Transitions either occur when the
progenitor state changes to another character state or returns to the original state from a previous
transition. For the photosynthetic pathway, the putative progenitor to Panicoideae was a C3 grass
with 14 subsequent transitions that tended to be limited to several sublineages (Figure 9). For the
biochemical subtypes of C4 there were 17 transitions with examples of each subtype and
intermediates represented (Figure 10).
Morphological traits showed contrasting patterns of character state changes. The number
of stigmas in the progenitor panicoid was two, and this did not deviate throughout the whole
subfamily (Figure 11). The number of stamens was more variable with the progenitor having
three but with 14 transitions to stamen numbers from one to three (Figure 12). The characteristic
of pseudopetiolate leaves was absent for the progenitor but arose nine times during the evolution
of the subfamily (Figure 13). The final characteristic of habitat was open for the progenitor
(implying high light tolerance), and with 29 transitions to one of two levels of shade tolerance
(Figure 14).
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Figure 9:
Ancestral state reconstruction analysis tree for the C3 and C4 trait. The pie chart
color indicates the probability of state at each node, not the branch color.
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Figure 10:
Ancestral state reconstruction analysis tree for the C3 and C4 biochemical pathway
trait. The pie chart color indicates the probability of state at each node, not the branch color.
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Figure 11:
Ancestral state reconstruction analysis tree for the stigma count trait. The pie
chart color indicates the probability of state at each node, not the branch color.
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Figure 12:
Ancestral state reconstruction analysis tree for the stamen count trait. The pie
chart color indicates the probability of state at each node, not the branch color.
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Figure 13:
Ancestral state reconstruction analysis tree for the pseudopetiole trait. The pie
chart color indicates the probability of state at each node, not the branch color.
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Figure 14:
Ancestral state reconstruction analysis tree for the habitat trait. The pie chart color
indicates the probability of state at each node, not the branch color.
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Discussion
Phylogenomic Analyses
This is the largest phyloplastomic analysis with full plastomes from 352 taxa, 35 of
which were newly assembled. Due to more sampling it retrieved new topologies for five clades
within Panicoideae. In comparison to current taxonomy (Soreng et al., 2017), the majority of
differences that were found here were due to either nodes with low support or non-monophyly of
genera with a large number of species. These two conditions are not mutually exclusive as seen
with the DASH (Diheteropogon, Andropogon, Schizachyrium and Hyparrhenia) clade (Arthran
et al., 2017). The DASH clade’s unusual topology could be evidence of either hybridization,
uneven sampling (Arthran et al., 2017), and/or incomplete lineage sorting (see Triticeae:
Escobaret al., 2011; Saarela et al., 2018). The non-monophyletic nature of the DASH clade is
further discussed in Arthran et al. (2017).
A second interesting conflict within Andropogoneae is the placement of Imperata
cylindrica, which here is retrieved as sister to Germainiinae with maximum support (100/1.0). I.
cylindrica was originally considered an incerta sedis species, but was later placed in Saccharinae
(Soreng et al., 2017). This recent taxonomic revision of Saccharinae now includes former
subtribes, like Sorghinae, that were non-monophyletic with the previous Saccharinae (Soreng et
al., 2015; 2017). By making these large sweeping changes, the formerly incertae sedis species I.
cylindrica was incorporated into the Saccharinae. However, previous studies failed to sample
species of Germainiinae (Burke et al., 2016a). Here I propose for the first time that I. cylindrica
is in Germainiinae, based on phyloplastomic results.
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The final noteworthy incongruence between my results and previous classifications of
Andropogoneae is the placement of Kerriochloa. This genus has been treated as part of
Ischaeminae (Soreng et al., 2017), as sister to Microstegium vimineum, or as incertae sedis
(Kellogg, 2015; Arthan et al., 2017). While this study lacks a Microstegium species, it does
contain Ischaeminae species: Ischaemum afrum and Dimeria ornithopoda. Kerriochloa
siamensis did not create a monophyletic clade with either I. afrum or D. ornithopoda. K.
siamensis was either sister to the clade containing I. afrum and in turn sister to Coix lacyrma-jobi
and Rottboellia cochinchinensis in the BI tree, or sister to the Rottboelliinae, Germainiinae,
Saccharinae, and Andropogoninae in the ML tree. Another problem is that I. afrum and D.
ornithopoda did not create a monophyletic clade. D. ornithopoda was sister to Eulaliopsis
binata, with maximal support. It is not likely that K. siamensis belongs to the Ischaeminae, and
that more samping is needed within this subtribe of seven genera to fully understand its
perplexing topology. While there are other conflicts within the Andropogoneae, these are
congruent with previously noted problems in Arthan et al. (2017) and thus will not be discussed
further.
Other unusual topologies are the placement of certain Panicum spp. (Panicinae), P.
lycopodioides and P. pygmaeum. They both occur in Boivinellinae, making the subtribe nonmonophyletic. The explanation for these results for Panicum spp. could simply be
nomenclatural. Panicum has 3371 synonyms and 194 unresolved names on ThePlantList.org
(The Plant List, 2013 onwards), compared to only 442 accepted names. Both P. lycopodioides
and P. pygmaeum were retrieved with maximal support suggesting that these species are
incorrectly classified as Panicum. This has already been determined for P. pygmaeum, with its
removal from Panicum sensu stricto (s.s.) due to its phylogenetic placement and the lack of
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Kranz anatomy (Zuloaga et al., 2017). Thus, with some further anatomical work on P.
lycopodioides, it may also prove to be placed outside of the Panicum s.s.
Results here also suggest non-monophyly of the previously recognized genus Urochloa.
In the trees retrieved here, U. fusca (sister to Megathyrsus maximus), U. reptans (sister to
Chaetium bromoides) and, U. plantaginea (sister to all Urochloa, Eriochloa, Chaetium and
Megathyrsus) indicate extensive paraphyly of this genus. Some of these non-monophyletic
topologies are in agreement with Washburn et al. (2015). Once again this could be due to
nomenclatural errors in a genus with only 17 accepted species names, but with 137 synonyms or
unresolved names (The Plant List, 2013 onwards). At this point with over half the species with
full plastome sequences, it is likely that more species in this genus will need to be included in
phylogenomic studies to determine the delimitation of Urochloa s.s.
Divergence Date Estimation and Ancestral State Reconstruction Analysis
Based on this study, the progenitor of panicoid grasses was a C3 species that was not
pseudopetiolate, had three stamens, two stigmas, and was found in open habitats (Figures 9-14).
The Panicoideae were first to diverge from the other PACMAD subfamilies at an estimated time
of 79.4 Ma, followed by the speciation at the crown node of Panicoideae at 73.9 Ma (Figure 8).
The dates, on average, in this analysis are older than most previous estimates (Burke et al.,
2016b; Christin et al., 2014; Vicentini et al., 2008), with the PACMAD clade estimate being
comparable to the finding of Burke et al. (2016b). Thus, this study suggests that the adaptive
radiation of Panicoideae occurred over a longer period of time, allowing for diversification of a
wide array of traits such as stamen numbers, pseudopetioles, variability in light tolerance and
most importantly all subtypes of C4 biochemical photosynthetic pathways.
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Stamen and Stigmas
The numbers of stamens and stigmas are highly conserved across Poaceae, as most
grasses are noted as having three stamens, except for some early diverging subfamilies,
Oryzoideae and some Bambusoideae, and two stigmas, except again for early diverging
subfamilies and Bambusoideae (Kellogg, 2015). While the stigma counts grouped in expected
ways, there were unexpectedly high number of transitions for stamen numbers. The transition to
a derived stamen counts often occured in small clades, usually at the genus level. This is best
exemplified in the Andropogoneae where most species have the expected three stamens, except
for Andropogon (1-3), Arthraxon (2-3), Germainiinae spp. (Pogonatherum: 1-2; Germainia: 2),
and Schizachyrium (2-3), most of which are considered to be diagnostic characteristics (Watson
et al., 1992 onwards). Most of these changes have occurred recently with divergence dates like
12.7 Ma for the DASH clade, 10.2 Ma for I. cylindrica and the Germainiinae clade, and 14.1 Ma
for Arthraxon, compared to the age of the tribe of 28.7 Ma.
Other than the species found in the Andropogoneae, the early diverging tribes of
panicoids have derived stamen characteristics. This is true of the Centotheceae, Thysanolaeneae,
and Chasmanthieae clades, and some species in Tristachyideae (Loudetiopsis). These lineages
diverged much earlier than the Andropogoneae lineages, 31.0 Ma for Centotheceae from
Thysanolaeneae, 21.9 Ma for Loudetiopsis kerstingii from Tristachya humbertii, and 54.7 Ma for
Chasmanthieae from Zeugiteae.
The three stamen characteristic is considered to be an independent evolutionary event for
the PACMAD clade from the six stamen condition in early diverging grasses (Kellogg, 2015). It
is interesting to note that clades with the derived stamen character in Panicoideae are found
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either in early diverging lineages or highly diverged lineages, such as the Andropogoneae. There
are two likely reasons for this: 1) This is a case of genetic drift at different time periods that has
reached fixation for the trait of stamen numbers, or 2) This is a case of convergent evolution
where the reduction of stamen numbers is beneficial. Kellogg (2015) notes that grass flowers
with fewer than three stamens often self-pollinate; thus these species might benefit from lower
resource investment in pollen, which is compensated by self-pollination. This seems to be the
most probable explanation with an extreme example of self-pollination in the form of
cleistogamy, which is found in Andropogon (Campbell et al., 1983) and Schizachyrium (Culley
and Klooster, 2007), a trait that is otherwise only found in about 5% of all grass species
(Campbell et al., 1983).
Pseudopetioles and Habitat
The trait of pseudopetioles is a morphological feature in grasses that has been observed in
multiple subfamilies, early diverging subfamilies, most bambusoids, and some panicoids, but
there are few studies of the development, the effects, or the hydraulic architecture of the leaf
(Kellogg, 2015). These panicoid species are usually forest grass species that would grow under
canopy, a shady environment (Sánchez-Ken and Clark, 2010). Thus, the independent analyses of
pseudopetioles and habitat should mirror, or at least be congruent for panicoid grasses with
pseudopetioles occurring in shaded habitats.
Within the Panicoideae there are only a few examples of pseudopetioles, with most
occurring within the Boivinellinae. The Boivinellinae, commonly called the “forest shade clade”
(Morrone et al., 2012), have species with broad lanceolate leaves and sometimes pseudopetiolate
leaf bases (Kellogg, 2015). A subsection of this subtribe, diverging at 19.9 Ma, has genera with
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pseudopetioles: Chasechloa, Laisiacis, Oplismenus and Pseudechinolaena, and these species are
largely found in habitats with some degree of shade. While there are other species, Panicum
lycopodioides and Pseudolasiacis leptolomoides, that do not have pseudopetioles in this
subsection of the clade, they also do not inhabit mostly shady habitats.
Other pseudopetiolate panicoid grasses that are also found in non-open habitats are:
Centotheca lappacea (31.0Ma) and Zeugites pitteri (54.7 Ma) in the early diverging panicoids,
Hildaea pallens (30.6 Ma) and Homolepis aturensis (31.1 Ma) in Paspaleae, and most surprising
Polytoca digitata (24.3 Ma) in Andropogoneae. With a span of roughly 35 Ma when these
pseudopetiolate groups formed, there is no one centralized time period that the formation of this
trait occured. It is interesting to note that though there are a large number of grasses in this study
that are found in variously shaded habitats that do not have pseudopetioles.
The evolution of pseudopetioles is only seen in species of non-open habitats, but there are
many non-pseudopetiolate species that occur within shaded habitats. These include grasses
across the subfamily like the early diverging Dichaetaria wightii (48.9 Ma) and Chasmanthium
laxum (54.7 Ma) to further diverged genera like Garnotia (40.2 Ma) and Plagiantha (16.4 Ma).
Transitions to pseudopetioles are relatively few, with only nine transitions for 14 species, while
the number of transitions from an open habitat are as high as 29, with 57 non-open habitat
species. This imbalance suggests that transitions from the open habitat progenitor to other
habitats occurred more frequently, than the evolutionary transition to pseudopetioles.
Pseudopetiolate grasses mostly group within the Boivinellinae, with a few other species
occurring sparsely throughout Panicoideae. Thus, it is likely that the formation of pseudopetioles
was not only linked to non-open habitats, but to other environmental pressures that would cause
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this change in morphology. With the lack of knowledge about the development and evolution of
pseudopetioles (Kellogg, 2015), further studies will need to determine the selective causes,
adaptive consequences, and the possible correlation to light regime (Caetano and Harmon, 2017)
to understand the evolution of of pseudopetiole formation within the Panicoideae and Poaceae.
C3 and C4 Pathways
The number of transitions from C3 to C4 in grasses have been well studied, and the
determination of these transitions in this study can be compared to the results to GPWG II
(2012), which estimated 24 possible transitions. Based on their results, there are 12 that have
high confidence for a novel C4 origin and since most of these fall outside of the panicoids, these
12 will not be discussed (GPWG II, 2012). The unusual photosynthetic types for the genus
Alloteropsis will also not be discussed, as this group has been well studied (Ibrahim et al., 2008;
Lundgren et al., 2015; Olofsson et al., 2016).
One of the the low confidence C4 groups is the genus Digitaria, which was previously
reported as lacking a closely related C3 sister group (GPWG II, 2012). In this study the
Anthephorinae (24.7 Ma) returned all C4 species, all with the same subtype, NADP-ME. There
were no taxa that were resolved as the immediate sister to this group, only other more distantly
diverged subtribes within the Paniceae that contained both C3 and C4 species. Thus, this study is
also unable to find a sister taxon, and agrees with GPWG II (2012) that there is not likely an
extant C3 sister group for the Anthephorinae. This study also agrees with the treatment of
Echinochloa species (11.5 Ma) in GPWG II (2012), as they did not contain a C3 sister taxon in
this study, and thus I am unable to make a comparison. It is likely there is a sister group for
Echinochloa as nine C3 genera within the Boivinellinae have not yet had a fully sequenced
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plastome for any species, and phylogenies inferred from multiple molecular markers have
retrieved Ottochloa (C3) as a sister taxon (Silva et al., 2015).
For the origins of C4 photosynthesis in Paspaleae, there are two interpretations. Either
there were seven independent origins of the C4 pathway (GPWG II, 2012), or a single origin
followed by five reversals, as seen in this study. The seven C4 taxa include Paspalum, Axonopus,
and the Arthropogoninae with Arthropogon, Coleataenia, Mesosetum, and Oncorachis. All of
these genera have the same NADP-ME biochemical pathway (GPWG II, 2012). In this study, a
single transition occurs at the crown of Paspaleae, Arundinelleae, and Andropogoneae (51.5 Ma).
Within the Paspaleae there are then five transitions back to either C3 or some type of C3-C4
hybrid, as seen in Homolepis aturensis and Steinchisma decipiens. Thus, the origin of C4
photosynthesis within the Paspaleae is actually the origin of the NADP-ME photosynthetic
pathway for Paspaleae, Arundinelleae, and Andropogoneae.
The interpretation of one transition to C4 for all of Paspaleae, Arundinelleae, and
Andropogoneae, with five reversals in Paspaleae is more parsimonious than seven novel
transitions (GPWG II, 2012) to C4 in Paspaleae and one for Arundinelleae and Andropogoneae,
but there is a problem with reversals and the loss of complexity. The trait of C4 photosynthesis is
an extremely complex trait as it involves both anatomical and physiological adaptations plus
multiple levels of regulation (Hibberd and Covshoff, 2010) suggesting a large number of genetic
changes (Christin et al., 2010). Plus, the C4 pathway is one of the most efficient ways to
photosynthesize, especially in conditions with low water content (Washburn et al., 2015).
Christin et al. (2010) argue that C4 plants would be unlikely to revert back to a less efficient
condition after spending millions of years evolving this new machinery. To explain the origin of
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C4 photosynthesis, Christin et al. (2010) hypothesize an incremental process where ancestors of
the clade develop some characteristics of C4 photosynthesis, and while some lineages will evolve
additional C4 traits eventually becoming fully C4, other lineages drop these traits and revert back
to the C3 syndrome.
This hypothesis could then explain C3 - C4 intermediate species, which have some traits
of each photosynthetic type, as well as the origin of the NADP-ME node at the crown of
Paspaleae, Arundinelleae, and Andropogoneae. As previously noted, the complexity of C4
photosynthesis does not occur evolutionarily as one step but many smaller steps leading up to the
C4 syndrome, which can be seen in these intermediate species (Duvall et al., 2003, Ibrahim et al.,
2008; Lundgren and Christin, 2016; Lundgren et al., 2015; Olofsson et al., 2016). Thus, the
Arundinelleae and Andropogoneae obtained all the characteristics of the C4 state, and while
some Paspaleae lineages continued to a C4 state, others reverted from a hybrid state to C3 and
still others stayed in an intermediate condition.
This is seen at the subtribal level in the Paspaleae phylogeny. In the Paspalinae there are
C3 species, Streptostachys asperifolia, sister to C4 genera, Axonopus, (19.9 Ma) displaying both
the complete C4 state, and those for which the loss of C4 traits, originally gained at the crown
node of Andropogoneae, Arundinelleae, and Paspaleae, ultimately produced a C3 plant. For the
Otachyriinae, the C3 species, Steinchisma laxum, which is sister to C3 - C4 intermediate species,
Steinchisma decipiens, (3.9 Ma) displays the partial gain of characteristics for C4, and the
subsequent removal of these partial traits causing a transition back to C3. Finally, in the
Arthropogoninae there are C3 - C4 intermediate species, such as Homolepis aturensis, which is
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sister to the other C4 species sampled in this tribe (31.1 Ma), displaying both lineages gaining
traits toward the C4 state, and the completion of the C4 state in the other species.
This point is also correlated with a large warming event that would potentially select for a
C4 condition. The Late Paleocene Thermal Maximum occurred around 55 Ma, which falls within
the range between the stem node (56.0 Ma) and the crown node (51.5 Ma) of the Arundinelleae,
Andropogoneae, and Paspaleae clade. This maximum caused a 5° to 6°C rise in deep-sea
temperatures with a surface temperature change as high as 8°C (Zachos et al., 2001). This would
be the type of evolutionary pressure that might push plants to evolve new mechanisms to survive
in hot, open, water stressed environments.
Through evolutionary time, these C4 traits present in ancient C3 species were most likely
unevenly reinforced via evolutionary pressures throughout the clade. This would lead to either
the eventual loss of these traits, a C3 plant, or not accumulating all of the C4 traits, a C3 - C4
intermediate plant. This explanation avoids the reverse transitions from C4, a more efficient and
complex trait, back to C3, a less efficient photosynthesis pathway. This would also suggest fewer
independent origins of C4 photosynthesis, an extremely complex trait, in the grass family by
taking eight origins and placing the origin into one point, at the crown of Paspaleae,
Arundinelleae, and Andropogoneae clade.
Conclusion
From the largest full phyloplastomic analysis of Poaceae to date, this study shows
substantial congruence with the most current taxonomy (Soreng et al., 2017) obtained from
multi-locus analyses. There are some taxonomic exceptions, either early branching taxa of
Panicoideae at the tribal or subtribal levels, or smaller undersampled subtribes. This study
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demonstrates an older PACMAD lineage that starts with the divergence of the Panicoideae at
73.9 Ma, with the major radiation within the subfamily occurring at 56.0 Ma. This radiation led
to variation in disparate traits of stamen numbers, shade tolerance, pseudopetiole formation and
C4 evolution. This study also recovers most of the previously documented C4 origin points
(GPWG II, 2012), but does suggest that the cluster of C4 origins within the Paspaleae are
potentially all linked to one origin that occured at the crown node of Paspaleae, Arundinelleae,
and Andropogoneae, during a major climatic warming event at 55 Ma.
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CHAPTER 6 — A CONCLUSION ON PANICOIDEAE EVOLUTION
From these four studies and the panicoid research from other scientists that was published
during the time of this dissertation (Arthan et al., 2017; Gallaher et al., in revision; Saarela et al.,
2018; Teisher et al., 2017; and much more), our understanding of the evolution of panicoid
grasses has been strengthened via in-depth phyloplastomic studies. The amount of unique species
with full plastomes in Genbank has increased at least tenfold from the time of my first study
(Burke et al., 2016a) at roughly 15 plastomes to my final study with almost 200 plastomes.
While this increase cannot be attributed to my research only, it demonstrates the trend of moving
away from multilocus studies to more robust (Burke et al., 2012; Jones et al., 2014; Saarela et al.,
2018) phyloplastomic studies. Based on these phylogenomic studies that I have performed for
my dissertation, there were many focuses, like phylogeny, taxonomy, divergence dates, mtDNA
RGC, and ancestral traits.
Phylogeny and taxonomy played an important role in my studies. As stated in the
introduction, Panicoideae has constantly been reworked, starting in the early 2000’s (Giussani et
al., 2001), as new information has been generated. There are many situations where a new
taxonomic scheme appeared as a good fit, only for the addition of more information to show that
it was erroneous. The best example of this is Imperata cylindrica, where it was incertae sedis
(Soreng et al., 2015), and was then placed as sister to the clade of Saccharinae and Sorghinae
(Burke et al., 2016a; Soreng et al., 2017). The taxonomic scheme was changed, and all
Saccharinae and Sorghinae were placed in the Saccharinae sensu Soreng et al. (2017). Then
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when more species were added, I. cylindrica was unexpectedly sister to a different subtribe,
Germainiinae. While it would be amazing to get an exact representative phylogeny, it would
require time, resources, and dedicated researchers for this to happen.
While phylogenies and taxonomy are capable of becoming better, most of the efforts for
divergence date estimation is left up to taxonomic sampling and luck. As stated in the second and
fourth study, there are only eight fossils that are well described and have extant relatives (Burke
et al., 2016b). For the second study, there were two fossils that were newly added, and had not
been used in previous divergence date estimates (Burke et al., 2016b). The problem is that fossil
evidence is sparse (Iles et al., 2015), and there is no guaranteed way to produce more fossil
evidence. Some fossils are controversial, because they are either character traits that are too
ambiguous to place with certainty in a phylogeny (Linder 1986; Prasad et al., 2005; Vicentini et
al., 2008) or have dates that correlate with a much older existence (Prasad et al., 2005). With
luck and perseverance, newer discoveries, like the spikelet in amber fossil (Poinar et al., 2015),
can change our conclusions with the inclusion of more data. As stated before, only a few things
can be added to make a better divergence date estimate, and taxon sampling is the only thing we
can control.
With these increases in sampling, hopefully there will be more unexpected discoveries,
like the mtDNA inserts in the Paspalum ptDNA. This discovery has added to the very short list
of plants that have experienced this type of mutation, mtDNA to ptDNA (Gandini and SanchezPuerta, 2017; Goremykin et al., 2009; Ma et al., 2015; Saarela et al., 2015; Straub et al., 2013;
Wysocki et al., 2015). There has been some advancement with this with sequencing of more
Paspalum species, with some minor differences in the insert region, but no new large regions
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(pers. obs.). Thus, while it is unfortunate that there has not been any new breakthrough, the way
to determine the differences in the insert will depend upon a denser sampling within the group.
Finally, these taxon dense trees can answer old questions with new data, like the origins
of alternate states of the six traits analyzed in Ch. 5. These analyses determined that the
Panicoideae diverged around 73.9 Ma and were C3 grasses with the common three stigmas, two
stamen trait, no pseudopetioles and that inhabited open habitats. This is different with
preliminary results that were originally done with the first study’s phylogeny, which had a shade
habitat origin (pers. obs.). Again, sampling is what changed the results, but it also required more
work. There are some good information databases (Watson and Dallwitz, 1992 onward), but they
are far from complete and character states required further literature research. Other problems are
that some of these traits are not even well studied, like pseudopetioles. Ways to approach these
lesser studied traits would be to look at related traits. Characters like vein spacing and leaf width
would provide insight into pseudopetiole evolution, and the number of florets per spikelet and
the prescence/absence of cleistogamous flowers would contribute to the understanding of stamen
and stigma count evolution. Even with an ancestral state reconstruction analysis, which can show
origin points and correlate them with time, without knowing the causes and adaptive benefits of
these traits, it is difficult to infer evolutionary pressures.
At this point it should become evident that the most important part to all these studies is
sampling. From just these four studies, I have assembled 82 new plastomes. These plastomes
were used within the studies to explore unexpected discoveries and investigate phylogenetic
phenomena. My studies, while novel at the time of writing, will likely be replaced with more
thorough studies. The effects of producing more new plastome sequences are additive, and newer
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studies will benefit. A great example of this is my first study compared to my last. In the final
study, the largest taxonomic sampling for Poaceae, there where many unexpected topologies that
were retrieved based on this new sampling. This ranged from a new position for I. cylindrica as
sister to the Germainiinae, the placement of two Panicum species that fell outside of Panicum
s.s., and the discovery of non-monophyly for the Rottboelliinae and Ischaeminae. These
topologies would have never been seen if it were not for the improved sampling in this and other
studies. By increasing the amount of sampling within non-monophyletic groups like
Ischaeminae, Rottboellinae, Saccharinae, Panicum as well as more incertae sedis taxa, these
incongruencies can be resolved. Thus, the final goal for future studies is to acquire more full
plastome data, as it will also produce new and more insightful conclusions.
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Supplemental 1
Plastomes analyzed in this study with NCBI accession numbers and lengths of subregions and complete Panicoideae plastomes.
Subfamily

Tribe

Taxon

Panicoideae

Andropogoneae

Bothriochloa alta

Voucher

Accession

Duvall s.
KU291492
n. (DEK)
Capillipedium venustum PI 11713
KU291493
Diheteropogon
PI 12585
KU291497
amplectens var.
catangensis
Eulalia aurea
PI 12153
KU291499
Hyparrhenia
PI 12665
KU291500
subplumosa
Imperata cylindrica
Burke 21 KU291466
(DEK)
Ischaemum afrum
PI 364924 KU291467
Iseilema macratherum
PI 257760 KU291468
Microstegium vimineum PI 659331 KU291471
Rottboellia
Clark et
KU291481
cochinchinensis
al. 1698
(ISC)
Sorghastrum nutans
Wysocki
KU291482
s.n.
(DEK)
Themeda sp.
Saarela
KU291484
1833
(CAN)
Saccharum officinarum
N/A
NC_006084
(Continued on following page)

Total
Length
137,645

LSCa

SSC b

IR c

138,257
139,700

80,131 12,496 22,815
81,479 12,611 22,805

140,220
139,138

82,112 12,546 22,781
81,229 12,603 22,653

140,744

82,649 12,541 22,777

141,097
139,643
140,460
140,336

82,984
81,724
82,382
82,298

141,061

82,907 12,544 22,805

138,842

80,730 12,546 22,783

141,182

83,048 12,544 22,795

79,532 12,543 22,785

12,567
12,567
12,542
12,550

22,773
22,676
22,768
22,744
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Supplemental 1 (continued)
Voucher
Accession

Subfamily

Tribe

Taxon

Panicoideae

Andropogoneae

Zea mays
Coix lacryma-jobi

Arundinelleae

Chasmanthieae

Centotheceae
Paniceae

N/A
NC_001666
Duvall
NC_013273
s.n.
(DEK)
Sorghum bicolor
N/A
NC_008602
Sorghum timorense
N/A
NC_023800
Arundinella deppeana
Clark et
KU291490
al. 1680
(XAL)
Chasmanthium
Sánchez- KU291494
sessiliflorum
Ken s.n.
(ISC)
Centotheca lappacea
N/A
NC_025229
Amphicarpum
Clark et
KU291489
muhlenbergianum
al. 1695
(ISC)
Dichanthelium
Saarela
KU291496
acuminatum
666
(CAN)
Eriochloa meyeriana
Duvall
KU291498
s.n.
(DEK)
Megathyrsus maximus
PI 12181
KU291470
(Continued on following page)

Total
Length
140,384
140,745

LSCa

SSC b

IR c

140,754
140,629
140,804

83,733 12,503 22,259
83,471 12,480 22,339
82,619 12,549 22,818

140,892

82,772 12,624 22,748

139,464
140,810

81,451 12,553 22,730
82,787 12,641 22,691

140,122

82,065 12,617 22,720

139,890

81,856 12,568 22,733

138,994

81,044 12,524 22,713

82,352 12,536 22,748
82,792 12,523 22,715
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Supplemental 1 (continued)
Voucher
Accession

Subfamily

Tribe

Taxon

Panicoideae

Paniceae

Oplismenus hirtellus

Clark &
KU291473
Lewis
1644
(ISC)
Panicum capillare
Saarela
KU291475
769
(CAN)
Paspalidium geminatum Giussani
KU291476
313 (SI)
Thyridolepis xerophila
Saarela
KU291485
1643
(CAN)
Cenchrus americanus
N/A
NC_024171
Setaria italica
N/A
KJ001642
Panicum virgatum
N/A
HQ822121
cultivar Summer
Panicum virgatum
N/A
HQ731441
cultivar Kanlow
Echinochloa oryzicola
N/A
NC_024643
Digitaria exilis
N/A
NC_024176
Urochloa reptans
Morden
KU291486
1221
(HAW)
Whiteochloa capillipes
Duvall
KU291487
s.n.
(DEK)
(Continued on following page)

Total
Length
137,424

LSCa

SSC b

IR c

134,520

81,858 12,576 20,043

139,142

82,041 12,437 22,332

140,644

82,641 12,599 22,702

140,718
138,833
139,619

91,260 12,576 18,441
81,916 12,529 22,194
81,659 12,562 22,699

139,677

81,729 12,538 22,705

139,891
140,908
140,171

82,108 12,515 22,634
91,883 12,637 18,194
82,157 12,590 22,712

139,177

81,199 12,536 22,721

81,421 12,575 21,714
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Supplemental 1 (continued)
Voucher
Accession

Subfamily

Tribe

Taxon

Panicoideae

Paspaleae

Axonopus fissifolius

Thysanolaeneae
Tristachyideae

Zeugiteae

Clark et
KU291491
al. 1703
(ISC)
Otachyrium versicolor
Zuloaga
KU291474
7027 (SI)
Paspalum dilatatum
Peterson
KU291477
19673
(CAN)
Paspalum fimbriatum
Morrone
KU291478
3651 (SI)
Paspalum glaziovii
Filgueiras KU291479
3482 (SI)
Coleataenia prionitis
N/A
NC_025231
Plagiantha tenella
Zuloaga
KU291480
6953 (SI)
Steinchisma laxa
Zuloaga
KU291483
7416 (SI)
Oncorachis ramosa
Zuloaga
KU291472
6960 (SI)
Thysanolaena latifolia
N/A
NC_025238
Danthoniopsis dinteri
Duvall
KU291495
s.n.
(DEK)
Loudetiopsis kerstingii
PI 12679
KU291469
Zeugites pittieri
Clark et
KU291488
al. 1171
(ISC)
(Continued on following page)

Total
Length
139,250

LSCa

SSC b

IR c

140,081

81,908 12,721 22,726

135,950

81,293 12,613 21,022

140,804

80,782 12,600 23,711

139,255

81,115 12,602 22,769

139,897
139,722

81,886 12,551 22,730
81,714 12,622 22,693

139,902

81,735 12,653 22,757

139,871

81,778 12,663 22,715

140,097
139,169

82,173 12,466 22,729
81,054 12,617 22,749

138,377
139,738

80,332 12,599 22,723
81,612 12,632 22,747

81,144 12,588 22,759
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Supplemental 1 (continued)
Subfamily
Anomochlooideae
Aristidoideae
Bambusoideae

Taxon
Anomochloa marantoidea NC_014062
Aristida purpurea NC_025228; Sartidia dewinteri NC_027147
Arundinaria gigantea NC_020341; Bambusa oldhamii NC_012927; Dendrocalamus latiflorus NC_013088;
Phyllostachys edulis NC_015817
Chloridoideae
Neyraudia reynaudiana NC_024262; Sporobolus maritimus NC_027650
Danthonioideae
Danthonia californica NC_025232
Micrairoideae
Eriachne stipacea NC_025234
Oryzoideae
Leersia tisserantii NC_016677; Oryza rufipogon NC_022668; Rhynchoryza subulata NC_016718
Pharoideae
Pharus lappulaceus NC_023245; Pharus latifolius NC_021372
Pooideae
Ampelodesmos mauritanicus NC_027466; Brachyelytrum aristosum NC_027470; Diarrhena obovata
KM974739; Oryzopsis asperifolia NC_027479; Phaenosperma globosum NC_027480
Puelioideae
Puelia olyriformis NC_023449
a
Large Single Copy Region.
b

Short Single Copy Region.

c

Inverted Repeat Region.

147

Supplemental 2
Next generation sequencing details for newly assembled Panicoideae plastomes from this study.
Tribe

Andropogonea
e

Taxon

Bothriochloa alta
Capillipedium venustum
Diheteropogon amplectens
var. catangensis
Eulalia aurea
Hyparrhenia subplumosa
Imperata cylindrica
Ischaemum afrum
Iseilema macratherum
Microstegium vimineum
Rottboellia cochinchinensis
Sorghastrum nutans
Themeda sp.
Arundinelleae Arundinella deppeana
Chasmanthieae Chasmanthium
sessiliflorum
Paniceae
Amphicarpum
muhlenbergianum
Dichanthelium acuminatum
Eriochloa meyeriana
Megathyrsus maximus
Oplismenus hirtellus

Number of
Reads

Number of
scaffolded
contigs
54
3
167.3
6
101.6
8

Library
preparation
method
Nextera
Nextera XT
Nextera XT

de novo Assembler

2,845,258
4,510,846
7,814,541
6,565,246
4,306,783
4,072,254
6,400,738
8,716,655
9,482,109
10,743,205
12,013,761

99.7
105.9
92.9
280.6
59.6
73.7
116.7
115.5
106.7
132.4
51.7

Nextera
Nextera XT
Nextera
Nextera
Nextera
Nextera
Nextera
Nextera
TruSeq
Nextera
Nextera

Iterative Velvet
SPAdes
Iterative Velvet
Iterative Velvet
Iterative Velvet
Iterative Velvet
Iterative Velvet
Iterative Velvet
Iterative Velvet
Iterative Velvet
Iterative Velvet

5,621,232

60.4

3,952,511
3,985,354
4,578,653

Mean
coverage

14,887,340
131.1
2,066,815
24.1
3,640,935
149.4
7,746,667
108.5
(Continued on following page)

2
10
6
5
6
4
4
2
4
3
4

Iterative Velvet
SPAdes
SPAdes

5 Nextera

Iterative Velvet

4
4
6
4

Iterative Velvet
SPAdes
SPAdes
Iterative Velvet

Nextera
Nextera XT
Nextera XT
Nextera
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Tribe

Paspaleae

Tristachyideae
Zeugiteae

Taxon

Panicum capillare
Paspalidium geminatum
Thyridolepis xerophila
Urochloa reptans
Whiteochloa capilipes
Axonopus fissifolius
Otachyrium versicolor
Paspalum dilatatum
Paspalum fimbriatum
Paspalum glaziovii
Plagiantha tenella
Steinchisma laxa
Oncorachis ramosa
Danthoniopsis dinteri
Loudetiopsis kerstingii
Zeugites pittieri

Supplemental 2 (continued)
Number of
Mean
Number of
Reads
coverage
scaffolded
contigs
3,463,258
96.8
5
8,249,096
71.4
4
16,576,393
188.5
2
15,661,425
189.5
5
1,835,709
57.1
5
26,882,182
296.2
4
13,379,401
96.7
3
1,169,117
18.9
4
8,321,619
52.7
4
27,770,279
80.3
7
4,455,738
44.4
2
4,580,559
32.1
3
6,338,398
28.6
7
9,253,812
409.6
7
1,754,749
43.7
11
17,628,413
278.2
8

Library
preparation
method
Nextera
Nextera
Nextera
Nextera
Nextera XT
Nextera
TruSeq
TruSeq
TruSeq
Nextera
TruSeq
Nextera
Nextera
Nextera
Nextera XT
TruSeq

de novo Assembler

Iterative Velvet
Iterative Velvet
Iterative Velvet
Iterative Velvet
SPAdes
Iterative Velvet
Iterative Velvet
Iterative Velvet
Iterative Velvet
Iterative Velvet
Iterative Velvet
Iterative Velvet
Iterative Velvet
Iterative Velvet
SPAdes
Iterative Velvet
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Supplemental 3
The specific mtDNA primers that were created to verify the inserts in P. dilatatum (Pdi) and P.
fimbriatum (Pfi).
Mito_Pdi_F

GGTCAAATGGACGACACCTGAAGGGG

Mito_Pdi_R GGGTGGTTTTCGGTATGCTTCAGCG
Mito_Pfi_F

GAGTCTCCTCCCCTCATTTCGCTGC

Mito_Pfi_R

CCCCCTTATTTAGCTTACGCCCTTG
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Supplemental 4
The results of the SH tests.
Constraints Applied
Unconstrained (ML Tree)
Cenchrinae, Panicinae, Paspalinae, Saccharinae,
and Sorghinae Monophyletic
Cenchrinae Monophyletic
Panicinae Monophyletic
Paspalinae Monophyletic
Saccharinae Monophyletic
Sorghinae Monophyletic
Aristidoideae sister to remaining PACMAD clade
*P<0.05

-ln L
Diff -ln L
P
436593.90855 (Best)
440619.61968
4025.71113 0.000*
438450.03649
436667.91684
438590.08577
437033.74197
436751.71297
436635.76853

1856.12794
74.00830
1996.17722
439.83342
157.80443
41.85998

0.000*
0.000*
0.000*
0.000*
0.000*
0.032*
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Supplemental 5:
Gel image for PCR experiment conducted to verify mitochondrial
insertions. Primer pairs are listed and informative fragment lengths of standard fragments are
indicated in bases. Pdi = P. dilatatum; Pfi = P. fimbriatum.
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Supplemental 6
Sequencing and assembly methods details, total and subregion lengths (nucleotides), and base composition for plastomes newly
sequenced in this study.
Species

Library
Preparation

Sequencing Number of Scaffolded

Mean

Total

LSCb

SSCb

IRb

% AT

Method

reads

contigs

coverage

Length

Nextera

Single end

12,458,233

13

104.0

148,609

85,943

12,602

25,032

62.7

TruSeq

Paired end

8,854,085a

2

755.4

141,946

83,598

12,758

22,795

63.5

Nextera

Single end

7,121,151

14

44.7

141,810

83,188

12,770

22,926

63.4

Method

Streptochaeta
spicata

Leptaspis
banksii
L. zeylanica
a

Number of paired reads.

b

LSC = large single copy; SSC = small single copy; IR = inverted repeat.
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Supplemental 7:

The ML tree from the complete plastome data set. All ML BV = 100%
unless indicated.
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Supplemental 8:

The BI tree from the complete plastome data set. All PP = 1.0 unless
indicated.
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Supplemental 9:

The ML tree from the two gene data set. All ML BV = 100% unless
indicated.
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Supplemental 10:

The BI tree from the two gene data set. All PP = 1.0 unless indicated.
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Supplemental 11
Information of fossils calibrations used for divergence date analysis.

Fossil

Fossil
type/Evidence

Age/Lower
Bound (Ma) Assigned nodea

Spikelet clade,
unspecified

Spikelet in
amber

97

Spikelet clade

Poinar et al., 2015

Oryzeae

Phytoliths

66

Oryzoideae

Prasad et al., 2011

MacGinitie, 1953

Walther, 1974

Citations

Stipa florissanti

Fruits

34

(Piptochaetium,
Ampelodesmos)

Leersia
seifhennersdorfensis

Inflorescence

30

(Leersia, Oryza)

Distichlis sp.

Leaf fragments

14

(Distichlis spicata, Dugas and
Neyraudia)
Retallack, 1993

8

(Dichanthelium,
(Paraneurachne,
Thyridolepis))

Thomasson, 1978

7

(Setaria,
Paspalidium)

Elias, 1942

Dichanthelium

Setaria
a

Fertile lemmas
and paleas
“Seeds”

All assigned nodes are crown nodes.
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Taxa

Supplemental 12
The traits for all 352 taxa included in this study.
Subfamily
Photopathway Biochemical Stamen Stigma Light
Photopathway
Regime
Anomochlooideae
C3
C3
4
1
Shade

24 Anomochloa
marantoidea
NC 014062
312 Streptochaeta
Anomochlooideae
spicata
NC 033862
28 Aristida congesta
Aristidoideae
29 Aristida purpurea
Aristidoideae
NC 025228
290 Sartidia dewinteri
Aristidoideae
NC 027147
291 Sartidia perrieri
Aristidoideae
310 Stipagrostis sp
Aristidoideae
101 Dregeochloa
Arundinoideae
pumilla
NC 035526
113 Elytrophorus
Arundinoideae
globularis
NC 035527
141 Hakonechloa
Arundinoideae
macra
NC 025235
18 Amphipogon
Arundinoideae
turbinatus
NC 035521
188 Molinia caerulea
Arundinoideae
NC 033980

Pseudopetiole
Pseudopetiolate

C3

C3

6

3

Shade

Pseudopetiolate

C4
C4

NADP-ME
NADP-ME

3
3

2
2

Open
Open

Nonpseudopetiolate
Nonpseudopetiolate

C3

C3

3

2

Open

Nonpseudopetiolate

C3
C4
C3

C3
NADP-ME
C3

3
3
3

2
2
2

Open
Open
Open

Nonpseudopetiolate
Nonpseudopetiolate
Nonpseudopetiolate

C3

C3

1-3

2

Open

Nonpseudopetiolate

C3

C3

3

2

Open

Nonpseudopetiolate

C3

C3

3

2

Open

Nonpseudopetiolate

C3

C3

3

2

Open

Nonpseudopetiolate
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(Continued on following)

Taxa

Subfamily

189 Monachather
paradoxus
NC 025237
262 Phragmites
australis
NC 022958
314 Styppeiochloa
gynoglossa
NC 035535
40 Arundo plinii
NC 034652
78 Crinipes
abyssinicus
NC 035523
1 Acidosasa purpurea
NC 015820
130 Fargesia nitida
NC 024715
131 Ferrocalamus
rimosivaginus
NC 015831
134 Gaoligongshania
megalothyrsa
NC 024718
137 Gelidocalamus
tessellatus
NC 024719

Arundinoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C3
C3
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Arundinoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Arundinoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Arundinoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Arundinoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Bambusoideae

C3

C3

6

3

Shade

Pseudopetiolate

Bambusoideae

C3

C3

3

3

Shade

Pseudopetiolate

Bambusoideae

C3

C3

3

2

Shade

Pseudopetiolate

Bambusoideae

C3

C3

3

3

Shade

Pseudopetiolate

Bambusoideae

C3

C3

3

2

Shade

Pseudopetiolate

(Continued on following)
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Taxa

Subfamily

140 Guadua
angustifolia
NC 029749
148 Hickelia
madagascariensis
NC 026962
15 Ampelocalamus
naibunensis
NC 030767
158 Indocalamus
wilsonii
NC 024720
159 Indosasa sinica
NC 024721
171 Lithachne
pauciflora
NC 026970
192 Neohouzeaua sp
Clark & Attigala 1712
NC 026963
193 Neololeba atra
NC 026964
196 Oligostachyum
shiuyingianum
NC 024722
197 Olmeca reflexa
NC 026965

Bambusoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C3
C3
6

Stigma
3

Light
Regime
Partial

Pseudopetiole
Pseudopetiolate

Bambusoideae

C3

C3

6

3

Shade

Pseudopetiolate

Bambusoideae

C3

C3

3

2

Partial

Pseudopetiolate

Bambusoideae

C3

C3

3

2

Open

Pseudopetiolate

Bambusoideae

C3

C3

6

3

Shade

Pseudopetiolate

Bambusoideae

C3

C3

3

2

Shade

Pseudopetiolate

Bambusoideae

C3

C3

6

3

Shade

Pseudopetiolate

Bambusoideae

C3

C3

6

3

Partial

Pseudopetiolate

Bambusoideae

C3

C3

3

3

Partial

Pseudopetiolate

Bambusoideae

C3

C3

3

2-3

Shade

Pseudopetiolate

(Continued on following)
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Taxa

Subfamily

198 Olyra latifolia
NC 024165
240 Pariana
radiciflora
NC 026972
263 Phyllostachys
propinqua
NC 016699
266 Pleioblastus
maculatus
NC 024723
274 Pseudosasa
japonica
NC 028328
278 Raddia
brasiliensis
NC 026966
289 Sarocalamus
faberi
NC 024713
316 Thamnocalamus
spathiflorus
NC 024724
341 Yushania levigata
NC 024725
36 Arundinaria
gigantea
NC 020341

Bambusoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C3
C3
3

Stigma
2

Light
Regime
Shade

Pseudopetiole
Pseudopetiolate

Bambusoideae

C3

C3

12-30

2

Shade

Pseudopetiolate

Bambusoideae

C3

C3

3

2-3

Shade

Pseudopetiolate

Bambusoideae

C3

C3

3

2

Open

Pseudopetiolate

Bambusoideae

C3

C3

3-4

3

Partial

Pseudopetiolate

Bambusoideae

C3

C3

2-3

2-3

Shade

Pseudopetiolate

Bambusoideae

C3

C3

3

3

Shade

Pseudopetiolate

Bambusoideae

C3

C3

3

3

Shade

Pseudopetiolate

Bambusoideae

C3

C3

3

2

Shade

Pseudopetiolate

Bambusoideae

C3

C3

3

3

Partial

Pseudopetiolate
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Taxa

Subfamily

46 Bambusa
arnhemica
NC 026958
55 Buergersiochloa
bambusoides
NC 026968
67 Chimonocalamus
longiusculus
NC 024714
74 Chusquea
liebmannii
NC 026969
85 Dendrocalamus
latiflorus
NC 013088
87 Diandrolyra sp
Clark 1301
NC 026960
100 Distichlis spicata
NC 029895
111 Eleusine indica
NC 030486
115 Eragrostis tef
NC 029413
149 Hilaria
cenchroides
NC 029415

Bambusoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C3
C3
6

Stigma
3

Light
Regime
Partial

Pseudopetiole
Pseudopetiolate

Bambusoideae

C3

C3

2-3

2

Shade

Pseudopetiolate

Bambusoideae

C3

C3

3

2

Partial

Pseudopetiolate

Bambusoideae

C3

C3

3

2

Shade

Pseudopetiolate

Bambusoideae

C3

C3

6

1-2

Partial

Pseudopetiolate

Bambusoideae

C3

C3

2

2

Shade

Pseudopetiolate

Chloridoideae

C4

NAD-ME

3

2

Open

Nonpseudopetiolate

Chloridoideae

C4

NAD-ME

3

2

Open

Nonpseudopetiolate

Chloridoideae

C4

NAD-ME

3

2

Open

Nonpseudopetiolate

Chloridoideae

C4

PCK

3

2

Open

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

191 Nematopoa
longipes
NC 035532
195 Neyraudia
reynaudiana
NC 024262
305 Sporobolus
heterolepis
NC 029417
351 Zoysia macrantha
NC 029418
41 Astrebla pectinata
NC 029891
48 Bouteloua
curtipendula
NC 029414
61 Centropodia
glauca
NC 029411
69 Chloris barbata
NC 029893
80 Cynodon dactylon
NC 034680
177 Merxmuellera
tsaratananensis
NC 036122

Chloridoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
Unknown
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Chloridoideae

C4

NAD-ME

3

2

Open

Nonpseudopetiolate

Chloridoideae

C4

NAD-ME

1-3

2

Open

Nonpseudopetiolate

Chloridoideae

C4

PCK

2

2

Open

Nonpseudopetiolate

Chloridoideae

C4

NAD-ME

3

2

Open

Nonpseudopetiolate

Chloridoideae

C4

3

2

Open

Nonpseudopetiolate

Chloridoideae

C4

NADME/PCK
intermediate
NAD-ME

3

2

Open

Nonpseudopetiolate

Chloridoideae

C4

PCK

3

2

Open

Nonpseudopetiolate

Chloridoideae

C4

NAD-ME

3

2

Open

Nonpseudopetiolate

Danthonioideae

C3

C3

3

2

Open

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

255 Phaenanthoecium
koestlinii
NC 035533
315 Tenaxia
guillarmodiae
NC 029897
68 Chionochloa
macra
NC 025230
82 Danthonia
californica
NC 025232
119 Eriachne
aristidea SRR2163567
120 Eriachne armittii
NC 034791
160 Isachne
distichophylla
NC 025236
170 Limnopoa
meeboldii
NC 035531
260 Pheidochloa
gracilis
NC 035534
75 Coelachne africana
NC 035732

Danthonioideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C3
C3
3

Stigma
2

Light
Regime
Shade

Pseudopetiole
Nonpseudopetiolate

Danthonioideae

C3

C3

3

2

Open

Nonpseudopetiolate

Danthonioideae

C3

C3

3

2

Open

Nonpseudopetiolate

Danthonioideae

C3

C3

3

2

Open

Nonpseudopetiolate

Micrairoideae

C4

NADP-ME

2-3

2

Open

Nonpseudopetiolate

Micrairoideae

C4

NADP-ME

2-3

2

Open

Nonpseudopetiolate

Micrairoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Micrairoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Micrairoideae

C4

NADP-ME

2

2

Open

Nonpseudopetiolate

Micrairoideae

C3

C3

2

2

Open

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

166 Leersia japonica
NC 034766
167 Leersia tisserantii
NC 016677
202 Oryza alta
NC 034760
203 Oryza
australiensis
NC 024608
204 Oryza barthii
NC 027460
205 Oryza
brachyantha
NC 030596
206 Oryza eichingeri
NC 034759
207 Oryza glaberrima
NC 024175
208 Oryza
glumipatula
NC 027461
209 Oryza
grandiglumis
NC 034761
210 Oryza latifolia
NC 034762

Oryzoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C3
C3
6

Stigma
2

Light
Regime
Partial

Pseudopetiole
Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

211 Oryza
longiglumis
NC 034763
212 Oryza
longistaminata
NC 027462
213 Oryza
meridionalis
NC 016927
214 Oryza meyeriana
NC 034765
215 Oryza minuta
NC 030298
216 Oryza nivara
NC 005973
217 Oryza officinalis
NC 027463
218 Oryza punctata
NC 027676
219 Oryza rhizomatis
MF401452
220 Oryza rhizomatis
NC 034758
221 Oryza ridleyi
NC 034764
222 Oryza rufipogon
NC 017835

Oryzoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C3
C3
6

Stigma
2

Light
Regime
Partial

Pseudopetiole
Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Pseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

223 Oryza sativa
NC 031333
280 Rhynchoryza
subulata
NC 016718
349 Zizania aquatica
NC 026967
350 Zizania latifolia
NC 029401
66 Chikusichloa
aquatica
NC 027184
10 Alloteropsis
cimicina
NC 027952
102 Echinochloa
esculenta
SRR2163549
103 Echinochloa
colona
NC 032383
104 Echinochloa crus
galli
NC 028719
105 Echinochloa crus
galli var praticola
KR822686

Oryzoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C3
C3
6

Stigma
2

Light
Regime
Partial

Pseudopetiole
Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Shade

Pseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

6

2

Partial

Nonpseudopetiolate

Oryzoideae

C3

C3

1

2

Shade

Nonpseudopetiolate

Panicoideae

C4

NAD-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

106 Echinochloa
esculenta
NC 032379
107 Echinochloa
frumentacea
NC 029827
108 Echinochloa
oryzicola
NC 024643
109 Echinochloa
stagnina
NC 036128
11 Alloteropsis
paniculata
NC 032078
110 Echinochloa
ugandensis
NC 036127
114 Entolasia
imbricata
NC 036126
116 Eremochloa
ciliaris
NC 035028
117 Eremochloa
eriopoda
NC 035023

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NADP-ME
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NAD-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

12 Alloteropsis
semialata
NC 027824
121 Eriochloa
punctata SRR2163123
122 Eriochloa
meyeriana
NC 030624
123 Eriochrysis cf
cayennensis 365 2
NC 029882
124 Eriochrysis laxa
NC 029883
125 Eriochrysis
villosa KU961860
126 Eulalia aurea
NC 030503
127 Eulalia contorta
NC 035026
128 Eulalia siamensis
NC 035031
129 Eulaliopsis binata
NC 035049
135 Garnotia tenella
NC 035051
136 Garnotia
thailandica
NC 035042

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
PCK
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Shade

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Shade

Nonpseudopetiolate
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Taxa

Subfamily

138 Germainia
capitata
NC 035046
143 Hemisorghum
mekongense
NC 035022
146 Heteropogon
contortus
NC 035027
147 Heteropogon
triticeus
NC 035025
150 Hildaea pallens
NC 036124
151 Homolepis
aturensis
NC 036125
154 Hyparrhenia
diplandra
NC 035037
155 Hyparrhenia rufa
NC 035011
156 Hyparrhenia
subplumosa
NC 030625
157 Imperata
cylindrica
NC 030487

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NADP-ME
2

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

1-3

2

Open

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Shade

Pseudopetiolate

Panicoideae

C3-C4

C3-C4

3

2

Partial

Pseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2

2

Open

Nonpseudopetiolate
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Taxa

Subfamily

161 Ischaemum
afrum
NC 030488
162 Iseilema
macratherum
NC 030611
163 Kerriochloa
siamensis
NC 035009
164 Lasiacis nigra
NC 036123
165 Lecomtella
madagascariensis
NC 024106
17 Amphicarpum
muhlenbergianum
NC 030619
174 Loudetiopsis
kerstingii
NC 030612
175 Megathyrsus
maximus
NC 030489
178 Miscanthus
floridulus
NC 035750

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NADP-ME
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

Unknown

3

2

Open

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Shade

Pseudopetiolate

Panicoideae

C3

C3

3

2

Shade

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2

2

Open

Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

179 Miscanthus
junceus
NC 035751
180 Miscanthus
sacchariflorus
NC 028720
181 Miscanthus
sinensis
NC 028721
182 Miscanthus
sinensis subsp
condensatus
LN869220
183 Miscanthus
sinensis subsp sinensis
LN869221
184 Miscanthus
sinensis var
purpurascens
LN869224
185 Miscanthus
transmorrisonensis
NC 035752
186 Miscanthus x
giganteus
NC 035753
187 Mnesithea helferi
NC 035036

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NADP-ME
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2-3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate
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(Continued on following)

Taxa

Subfamily

19 Andropogon
abyssinicus
NC 035030
194 Neurachne
munroi
199 Oncorachis
ramosa
NC 030490
20 Andropogon
burmanicus
NC 035038
200 Oplismenus
burmannii
SRR2163550
201 Oplismenus
hirtellus
NC 030491
21 Andropogon
chinensis
NC 035012
22 Andropogon
distachyos
NC 035041
225 Otachyrium
versicolor
NC 030492
227 Panicum capillare
SRR2163284

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NADP-ME
1-3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

1-3

2

Open

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Shade

Pseudopetiolate

Panicoideae

C3

C3

3

2

Shade

Pseudopetiolate

Panicoideae

C4

NADP-ME

1-3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

1-3

2

Open

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NAD-ME

3

2

Partial

Nonpseudopetiolate
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Taxa

Subfamily

228 Panicum
coloratum
SRR2163288
229 Panicum hallii
SRR2162783
23 Andropogon
fastigiatus
NC 035010
230 Panicum repens
SSR2163428
231 Panicum capillare
NC 030493
232 Panicum
lycopodioides
NC 036121
233 Panicum
miliaceum
NC 029732
234 Panicum
pygmaeum
NC 036120
235 Panicum
sumatrense
NC 032378
236 Panicum
virgatum
HQ731441

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NAD-ME
3

Stigma
2

Light
Regime
Partial

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NAD-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

1-3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NAD-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NAD-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

C3

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NAD-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NAD-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NAD-ME

3

2

Partial

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

237 Panicum
virgatum
NC 015990
238 Parahyparrhenia
siamensis
NC 035033
239 Paraneurachne
muelleri
SRR2163452
241 Paspalidium
geminatum
NC 030494
242 Paspalum
inaequivalve
243 Paspalum
ionanthum
244 Paspalum
juergensii
245 Paspalum minus
246 Paspalum
pubiflorum
247 Paspalum simplex
SRR2162764
248 Paspalum
vaginatum
249 Paspalum
virgatum

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NAD-ME
3

Stigma
2

Light
Regime
Partial

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae
Panicoideae

C4
C4

NADP-ME
NADP-ME

3
3

2
2

Open
Open

Nonpseudopetiolate
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

(Continued on following)

179

Taxa

Subfamily

25 Anthephora
pubescens
SRR2163557
250 Paspalum
dilatatum
NC 030614
251 Paspalum
fimbriatum
NC 030495
252 Paspalum
glaziovii
NC 030496
253 Paspalum
paniculatum
NC 036114
254 Pennisetum
setaceum
26 Anthephora
pubescens 1219
265 Plagiantha tenella
NC 030497
268 Pogonatherum
paniceum
NC 029881
269 Polytoca digitata
NC 035044
271 Pseudechinolaena
polystachya

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NADP-ME
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Shade

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

1-2

2

Open

Pseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Shade

Pseudopetiolate

Panicoideae

C3

C3

3

2

Shade

Pseudopetiolate
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Taxa

Subfamily

272 Pseudolasiacis
leptolomoides
NC 036119
275 Pseudosorghum
fasciculare
NC 035024
279 Rhynchelytrum
repens
281 Rottboellia
cochinchinensis
NC 030615
282 Saccharum
arundinaceum
NC 030777
283 Saccharum
hildebrandtii
NC 036118
284 Saccharum
hybrid cultivar
NC 029221
285 Saccharum
hybrid cultivar
NCo 310
NC 006084
286 Saccharum
officinarum
NC 035224

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C3
C3
3

Stigma
2

Light
Regime
Partial

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

287 Saccharum
spontaneum
NC 034802
288 Sacciolepis indica
SRR2163432
292 Schizachyrium
brevifolium
NC 035013
293 Schizachyrium
exile
NC 035029
294 Schizachyrium
imberbe
NC 035045
295 Schizachyrium
sanguineum
NC 035015
296 Schizachyrium
scoparium
NC 035032
297 Schizachyrium
spicatum
NC 035039
298 Schizachyrium
tenerum
NC 035043
30 Arthraxon
lancifolius

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NADP-ME
3

Stigma
2

Light
Regime
Partial

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2-3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2-3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2-3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2-3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2-3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2-3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2-3

2

Partial

Nonpseudopetiolate
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Taxa

Subfamily

300 Setaria italica
NC 022850
301 Setaria viridis
NC 028075
302 Sorghastrum
nutans
NC 030498
303 Sorghum bicolor
NC 008602
304 Sorghum
timorense
NC 023800
306 Steinchisma
decipiens
SRR2163017
307 Steinchisma
laxum
NC 030499
308 Stenotaphrum
secundatum
SRR213117
309 Stipagrostis
hirtiglumis
31 Arthraxon
hispidus
NC 035048

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NADP-ME
3

Stigma
2

Light
Regime
Partial

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C3-C4

C3-C4

3

2

Open

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Aristidoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2-3

2

Partial

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

313 Streptostachys
asperifolia
NC 036116
317 Themeda arguens
NC 035019
318 Themeda
arundinacea
NC 035014
319 Themeda
quadrivalvis
NC 035492
32 Arthraxon
lanceolatus
NC 035017
320 Themeda sp
Saarela 1833
KU291484
321 Themeda
triandra
NC 035016
322 Themeda villosa
NC 035021
324 Thyridolepis
xerophila
NC 030616
325 Thysanolaena
latifolia
NC 025238

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C3
C3
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2-3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Open

Pseudopetiolate

Panicoideae

C3

C3

2

2

Open

Pseudopetiolate

184
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Taxa

Subfamily

327 Tricholaena
monachne
328 Tricholaena
monachne
SRR2163183
33 Arthraxon
microphyllus
NC 035050
330 Tristachya
humbertii
NC 036115
332 Urochloa
brizantha
SRR2163211
333 Urochloa fusca
SRR2163229
334 Urochloa
plantaginea
SRR2163231
335 Urochloa
brizantha
NC 030067
336 Urochloa
decumbens
NC 030066
337 Urochloa
humidicola
NC 030069

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
PCK
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2-3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Open

Nonpseudopetiolate
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Taxa

Subfamily

338 Urochloa reptans
NC 030617
339 Urochloa
ruziziensis
NC 030068
34 Arthraxon
prionodes
NC 030613
340 Whiteochloa
capillipes
NC 030618
342 Zea diploperennis
NC 030377
343 Zea luxurians
NC 030301
344 Zea mays
NC 001666
345 Zea mays subsp
huehuetenangensis
KR873422
346 Zea nicaraguensis
KU291447
347 Zea perennis
NC 030300
348 Zeugites pittieri
NC 030500
35 Arthropogon
lanceolatus

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
PCK
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2-3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Shade

Pseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate
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Taxa

Subfamily

352 Zuloagaea
bulbosa
SRR2163119
37 Arundinella hirta
SSR2163563
38 Arundinella
hookeri
SRR2163560
39 Arundinella
deppeana
NC 030620
44 Axonopus
fissifolius
NC 030501
45 Axonopus ramosus
NC 036129
47 Bothriochloa alta
NC 030621
49 Brachiaria
glomerata
5 Alloeochaete
namuliensis
NC 035517
50 Brachiaria
fragrans
NC 033879

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NADP-ME
3

Stigma
2

Light
Regime
Shade

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Partial

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

PCK

3

2

Partial

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

56 Capillipedium
venustum
NC 030622
57 Cenchrus ciliarus
58 Cenchrus
purpureus
SRR2163029
59 Cenchrus
americanus
NC 024171
6 Alloeochaete
oreogena
NC 035518
60 Centotheca
lappacea
NC 025229
62 Chaetium
bromoides
63 Chasechloa egregia
NC 031299
64 Chasechloa
madagascariensis
NC 033880
65 Chasmanthium
laxum
NC 035522

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NADP-ME
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae
Panicoideae

C4
C4

NADP-ME
NADP-ME

3
3

2
2

Partial
Partial

Nonpseudopetiolate
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Panicoideae

C3

C3

2-3

2

Shade

Pseudopetiolate

Panicoideae

C4

PCK

3

2

Open

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Shade

Pseudopetiolate

Panicoideae

C3

C3

3

2

Shade

Pseudopetiolate

Panicoideae

C3

C3

1

2

Shade

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

7 Alloeochaete
uluguruensis
NC 035519
70 Chrysopogon
gryllus
NC 035035
71 Chrysopogon
orientalis
NC 035047
72 Chrysopogon
serrulatus
NC 029884
73 Chrysopogon
zizanioides
NC 035034
76 Coix lacryma jobi
NC 013273
77 Coleataenia
prionitis
NC 025231
79 Cymbopogon
flexuosus
NC 035040
8 Alloteropsis
cimicina
SRR2163547

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C3
C3
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Partial

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NAD-ME

3

2

Open

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

83 Danthoniopsis
dinteri
NC 030502
89 Dichaetaria wightii
NC 035525
9 Alloteropsis angusta
NC 027951
90 Dichanthelium
scoparium
SRR2163431
91 Dichanthelium
acuminatum
NC 030623
92 Dichanthium
sericeum
SRR2163562
93 Dichanthium
sericeum
NC 035018
94 Digitaria
californica
SRR2162855
95 Digitaria
cuyabensis
SRR2163559
96 Digitaria pentzii
SRR2163561

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NADP-ME
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Shade

Nonpseudopetiolate

Panicoideae

C4

NAD-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Partial

Nonpseudopetiolate

Panicoideae

C3

C3

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

97 Digitaria exilis
NC 024176
98 Diheteropogon
amplectens var
catangensis
KU291497
99 Dimeria
ornithopoda
NC 035020
168 Leptaspis banksii
NC 033863
169 Leptaspis
zeylanica
NC 033864
258 Pharus
lappulaceus
NC 023245
259 Pharus latifolius
NC 021372
112 Elymus spicatus
KX774270
118 Eremopyrum
bonaepartis
KY636090
13 Amblyopyrum
muticum
KY636071

Panicoideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C4
NADP-ME
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Panicoideae

C4

NADP-ME

3

2

Open

Nonpseudopetiolate

Panicoideae

C4

NADP-ME

2

2

Open

Nonpseudopetiolate

Pharoideae

C3

C3

6

3

Shade

Pseudopetiolate

Pharoideae

C3

C3

6

3

Shade

Pseudopetiolate

Pharoideae

C3

C3

6

3

Shade

Pseudopetiolate

Pharoideae

C3

C3

6

3

Shade

Pseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

132 Festuca altissima
NC 019648
133 Festuca ovina
NC 019649
14 Ammophila
breviligulata
NC 027465
142 Helictochloa
hookeri
NC 027469
144 Henrardia persica
KY636097
145 Heteranthelium
piliferum
KY636101
152 Hordeum
jubatum
NC 027476
153 Hordeum vulgare
subsp vulgare
NC 008590
16 Ampelodesmos
mauritanicus
NC 027466
172 Littledalea
racemosa
MF614917

Pooideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C3
C3
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

(Continued on following)
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Taxa

Subfamily

173 Lolium
multiflorum
NC 019651
176 Melica subulata
NC 027478
190 Nassella neesiana
MF480752
2 Aegilops cylindrica
NC 023096
224 Oryzopsis
asperifolia
NC 027479
256 Phaenosperma
globosum
NC 027480
257 Phalaris
arundinacea
NC 027481
261 Phleum alpinum
NC 027482
264 Piptochaetium
avenaceum
NC 027483
267 Poa palustris
NC 027484
27 Anthoxanthum
nitens
NC 027475

Pooideae

Supplemental 12 (continued)
Photopathway Biochemical Stamen
Photopathway
C3
C3
3

Stigma
2

Light
Regime
Open

Pseudopetiole
Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Shade

Pseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

3

2

Open

Nonpseudopetiolate

Pooideae

C3

C3

2

2

Open

Nonpseudopetiolate
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Taxa

Subfamily

270 Psathyrostachys
juncea
KY636111
273 Pseudoroegneria
strigosa
KY636125
276 Puccinellia
nuttalliana
NC 027485
299 Secale cereale
NC 021761
3 Agropyron
cristatum KY126307
311 Stipa hymenoides
NC 027464
323 Thinopyrum
bessarabicum
KY636145
326 Torreyochloa
pallida
NC 027486
329 Trisetum
cernuum
NC 027487
331 Triticum macha
NC 025955
4 Agrostis stolonifera
NC 008591

Pooideae

Supplemental 12 (continued)
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(Continued on following)

Taxa

Subfamily

42 Australopyrum
retrofractum
KY636077
43 Avena sativa
NC 027468
51 Brachyelytrum
aristosum
NC 027470
52 Brachypodium
distachyon
NC 011032
53 Briza maxima
NC 027471
54 Bromus vulgaris
NC 027472
81 Dactylis glomerata
NC 027473
84 Dasypyrum
villosum
KY636088
86 Deschampsia
antarctica
NC 023533
88 Diarrhena obovata
NC 027474
277 Puelia olyriformis
NC 023449

Pooideae

Supplemental 12 (continued)
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Andropogoneae

Arundinelleae
Arundinelleae

Supplemental 13: The Bayesian tree with support values (BS/PP) on the top of the branch, and the divergence date information
below the branch (Upper 95% HPD/ Date of Divergence / Lower 95% HPD). This tree has been split up to better show topology.
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Arundinelleae /
Andropogoneae

Paspaleae

Paniceae
*ACMAD
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Panicoideae
Chloridoideae
Danthonioideae

Arundinoideae

Micrairoideae
Early Diverging /
BOP

Aristidoideae
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PACMAD

Pooideae

Bambusoideae

BOP

Oryzoideae
Puelioideae
Pharoideae
Anomochlooideae
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